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NOTICES

This document prades informationto states andribes authorized to establish water quality
standards under the Clean Water Act (CWA), to protect aquatic life from toxic effects of cadmium.
Under the CWAstates andribes are to establish watguality criteria to protect designated uses.
State and tribal decision makers retain the discretion to adopt approaches chyaczssebasi that

differ from these criteri’vh en appropri ate. While this document
recommendationgegarding ambient concentrations of cadmium that protect aquatic life, it does not
Ssubstitute for the CWA or EPAOGsSs regul ations; no

legally binding requirements on EP#&ates tribes, or the regulated conunity, and might not apply

to a particular situation based upon the circumstances. EPA may change this document in the future.
This document has been approved for publication by the Office of Science and Technology, Office of
Water, U.S. Environmental Rextion Agency.

Mention of trade names or commercial products does not constitute endorsement or
recommendation for use. This document can be downloaded from:
http://www.epa.gov/waterscience/criteria/aglife. hiddtices



FOREWORD

Section 304(p(l) of the Clean Water A¢83 U.S.C8 1314(a)(1)directsthe Administrator
of the Environmental Protection Agency to publish water quality criteria that accurately reflect the
latest scientific knowledge on the kind and extent of all identifiable effectsadthfzad welfare that
might be expected from the presence of pollutants in any body of water, including ground water. This
document i€ P A ifew recommendeambient water quality criterigAWQC) for the protection of
aquatic life based upon consideration of available information relating to effexadmfumon
aguaticorganismsandconsideration of independent external peer review and EPA workgroup
comments.

The term "water quality deria” is used in twaections of the Clean Water Asection
304(a)(l) and section 303(c)(2). The term has diffene@ningsn each section. In section 304, the
term represents a noagulatory, scientific assessment of ecologaadhuman healttleffects The
criteria presented in this documegrtesuch a scientific assessmeiiecological effectdn section
303(c) the termwater quality criteriaefers to criteriamdopted by a state part of their legally
bindingwater quality standard€riteria in water quality standards establishrtteximum acceptable
pollutant concentrations in ambientwatprs ot ect i ve of t heStaednmyaeldpts de si
water quality criteria inheir water quality standardeathave the same numeaicvalues aE P A 6 s
recommended section 304(a)¢titeria. However states maylecideto acbptwater quality criteria
d ffer ent sdction30deEommendation® reflect local environmental conditions and
human exposure patterns. Alternativelyfestamay use different data and assumptions than EPA in
deriving numeric criteria that are scientifically defensible and protective of designated uses. It is not
until their adoption as part of state water quality standandsapproved by EPA (or in limde
instances promulgated by EPA) under section 3@B@t)criteria becomapplicable water quality
standards for Clean Water Act purpadaformationto assist the states and Indian tribes in
modifying therecommendedriteria presented in this documésitontained in the Water Quality
Standards Handbook (U.S. ERA14). Thishandbook and additional informatiom the
development of water quality standards and other watated programs of this agency have been
deweloped by the Office of Water.

Thisdocumentdoes not establish or affect legal rights or obligations. It does not establish a
binding norm and cannot be finally determinative of the issues addressed. Agency decisions in any
particular situation will be made by applying the Clean Water AdtEBPA regulations on the basis
of specific facts presented and scientific information then available.

Elizabeth Southerland
Director
Office of Science and Technology
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EXECUTIVE SUMMARY

EPAhas updatetheAgency 6 s r eadnoiumraguatid ldedambient water
quality criteria in accord with provisions of 8304(a) of the Clean Water Act to periodiesise
Ambient Water Quality Criteria (AWQGh order to reflect the latestigntific knowledgeEPA
originally developedecommended 304(a) water quality criteria for cadmium ir01E®A
440/580-025 U.S. EPA 198)) andsubsequently updatea 1985 (EPA 440/84-032 U.S.

EPA 19858, 1995(EPA-820-B-96-001, U.S. EPA 1996sand2001 (EPA822-R-01-001, U.S.

EPA 2001) EPA has updatedcadmium aquatic life criterian this revisionconsistent with

methods described in U.E.P A @Gsiidefines for Deriving Numerical National Water Quality

Criteria for the Protection of Aquati©rganisms and TheirUses ( 1985 Gui del i nes)
al. 1985).

EPA based thesevisions in this ugate ordata that have become available since 2001
Literature searches of laboratory aquatic toxicity tests with cadmium pubpsioedo 2016
identified over 100new studies containing acute and chronic toxicity data that are acceptable for
deriving theupdatedcadmiumcriteria EPA also updated thelationship of cadmiurtoxicity to
total hardneswith thenewly acquired data (sdable 6 andTable 8). The2016update
incorporates data fats new species a9 new genera. Thdataset used to develop the updated
criteria is composed ofbAreshwater genera for acute toxicity (compareB83@enera in the
2001 criteria), 20 freshwater genera for chronic toxicity (compared to 16 genera in the 2001
criteria), and 9 estuarine/marine genera for acute toxicity (compared to 54 genera in the 2001
criteria). No new chronic toxicity data were awaaile forestuarine/maringenera.

Studies evaluating the freshwater acute toxicity of cadmium are availali@éor
Federallylistedspecieghereafter referred to as Listed Speci&syht of these species are fish
and one is a freshwater mussel. The most sensisted species are in the family Salmonidae,
as represented by the gen@macorhynchugO. kisutch, O. mykisandO. tshawytschpand
SalvelinugS.confluentuy Acute toxicitydata are also available ftire Listed freshwater
mussel Neosho muckdtgmpsilis rafinesqueanaStudies evaluating the freshwater chronic
toxicity of cadmium are available for fottederallylisted species, three of which are also
represented by thgenis OncorhynchugO. kisutch, O. mykissandO. tshawytscheand one by
thegenusSalmo(S. salaj. Acute estuarine/marine toxicity data are available folLikted
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Oncorhynchus kisutciThereare no acceptable chronic toxicity data for estuarine/méarsted
speciesSummarieprovided in the documeniescrbethebest available data fdiistedspecies
that have been tested for sensitivity to cadmium; theseddatanstrate thahe 2016 cadmium
criteria update is protective of thesstedspecies.

Sufficient toxicity datawereavailable to fulfill requirements of calculating acute and
chronic freshwater and acute estuanmarinecriteria using a species sensitivity distributias
described in th&985Guidelines Data were not sufficient toalculate the chronic
estwarine/marine criterionand AcuteChronic RatioACRSsS) were thereforased to derive this
criterion. The Final AcuteChronic Ratio (FACRJor this updatevas derived fronsevengenera
ACRs two freshwater invertebragenerafour freshwater fislgeneraandoneacutely sensitive
saltwater mysidyenu3. ThefreshwatetACR values used represent a range of species acute
sensitivities, from very sensitive to moderately sensitive, and have taxonornéatd marine
speciesThis differs from the 200Lipdatewhere only two saltwater ACRs were available and
used to calculate the saltwater FACRwever these two species are nowelessified as a
singlegenus Americamysis

EPA updated thecaite and chronic hardness slopéth data for several new species.
The updated acute cadmium hardness slope incorporates dbiBsparcies €ightspecies used
in the2001criteriaandfive new speciesfseeTable 6). The updated chronic slope incorporates
data forfour speciest{vo species used in the 2001 criteaiad two new speciegdeeTable 8).
The new chronic slope uses k€@stimatedor three of the four speciesstead obnly
Maximum Acceptable Toxicant ConcentrasdiVATCs) usedfor the 2001chronic slope
(MATCs were used only fddaphnia magnan the2016slope toretain the invertebrate species)

The 2016 freshwater and estuarine/marmeute criteria, known as tl@iterion
Maximum Concentraticg(CMCs) andthe chronic criteria, known as tiiterion Continuous
Concentratios (CCCs) values for cadmium are sumrnzadand compared to corresponding
2001 criteria values Table 1. The available freshwater toxicity ddta cadmium, evaluated
usingprocedures described the 1985 Guidelines, indicateat freshwater aquatidéi should be
protected if the shour averge CMC does not exceed:

CMC (ug/L, dissolved conc.) 0789 In(hardness) 3.869 y o (Eq. 1)

Where CF (conversion facténom total to dissolved=1.136672- [(In hardnessk (0.041838)];

andthe fourday average CCC does not exceed:
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CCC (ug/L,dissolved conc.) =&977xIn(hardness)3.909 y (Eq. 2)
Where CF (conversion factinom total to dissolved= 1.101672 [(In hardness) (0.041838)]
These values amecommendedot to be exceededore than once every three years on average.

The 2016 freshwater acuteriterion(CMC) is 1.8¢ g /ditsolved cadmium based on a
hardness of 100 mg/as CaC@. EPA derivedhe CMC to begrotective of the commercially and
recreationally importamainbowtrout (Oncorhynchusnykis$, consistent with procedures
described in the 198Buidelines and is also protective of all salmonid species for which toxicity
data are availabl@his value idower thanthe 2001 CMC o£.0 pg/Ldissolved cadmium, based
on a hardness of 100 mgéls Ca@©s. Forthe 205 acutecriteria, EPA hashangedhe duration
to 1-hour from the 24 hourlSPA applied in the 2001 final cadmium criteria docum&RA
made this change to the 2016 critdaaeflect the acute criteria duration recommended in the
1985 Guietlines(seeSection5.1.4. The 2016 freshwater chronic CCC &72¢ g /Mdissolved
cadmium, based on a hardness of 100 nag/lCaCQ@ and is anncreas€i.e., less stringent)
from the 2001 criteriadd . 2 5 dissglVed.cadmium, based on a hardness of 100 awy/L
CaCQ. This increase is primarily due tise of EGes over MATCs, new data for existing
species anthe inclusion ofinewsensitive gnus(Cottug, which now represesthe third most
sensitivegenus

The 2016 estuarine/marinacute CMC oB83¢ g /Migsolved cadmium is more stringent
than the 2001 recommended criteriomod g wghichLis primarilydue to the addition of three
newsensitive genera, consisting of a mys\&¢mysiy a copepodTigriopus, anda jellyfish
(Aurelig). Theestuarine/marinehronic CCChased on the use of an actdechronic ratio
(ACR)is now7.9g g /issolved cadmium compared to the 2001 CC8 of 8 L. The /
estuarine/marine chronic criteria is lower than the 2001 value based primarily on the lowering of
the acute value in conjunction with use of an ACR to derive the chronic yalakable data
suggest the acute toxicity of cadmium may be influengeshbnity, with a trend of decreasing
sensitivity to cadmium with increasing salinity. However, this trend could not be definitively
characterize@dnd a mathematical relationship could not be described to define the dependency

(seeSection5.4.]), thus salinity was not included in the estuarine/marine criteria derivation
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Table 1. Summary of 2001 and2016 Aquatic Life AWQC Recommendationdor Dissolved

Cadmium.

2016 AWQC Updaté® 2001 AWQC?

Acute Chronic Acute Chronic

(2-hour, (4-day, (1-day, (4-day,
dissolved Cdj | dissolved Cd)| dissolved Cd | dissolved Cd)

Freshwater
(Total Hardness 1.8ug/L® 0.72ug/L 2.0 pug/L® 0.25 pg/L
100 mg/Las CaCQ)"
Estuarine/marine 33 ug/L 7.9ug/L 40 pg/L 8.8 ug/L

#Values areecommendedot to be exceeded more than once every three years on average.

® Freshwater acute and chronic criteria are harddepsndent and were normalized to a hardness of 100

mg/L asCaCQ to allow the presentation of representative criteria values.
¢ Lowered toprotect the commerciallgind recreationallimportantspeciesrainbowtrout), as per the
1985 Guidelines, Steph etal. (1985.
9The duration of th€016 acute criteria was changed tdaur to reflect the 1985 Guidelinkased
recommended acute duration.
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1 INTRODUCTION AND BACKGROUND

NationalRecommendedmbient Water Quality Criteria (AWQC) are established by the
United States Environmental Protection Agency (EPA) urfdeClean Water Act (CWA).
Section 304(4)L) aquatic life criteria serve as recommendations to states andhityideining
ambient water concentrations that will protect againsicceptabladvese ecological effects to
aquatic life resulting from exposure to pollusfaund in water Aquatic life criteria address the
CWA goals of providing for the protection and propagation of fish and shellisteEPA
publishes finakection304(a)recommendedvater quality criteria, states and authorized tribes
may adopt thee criterianto their water quality standards to protect designated uses of water
bodies. States and authorized tribes may @isdify thesecriteria to reflect sitespecific
conditions or use other scientificalefengble methods to develop criteria before adopting
these into standard&fter adoption, states are to submit new and reviss@mguality standards
(WQS)to EPA for review anapprowal or disapprovalWhenapprovel by EPA, t he st a
WQSbecome aplicable WQS for CWA purposeSuch purposes include identification of
impaired waters and establishment of TMDLs under CWA section 303(d) and derivation of
water qualitybased effluent limitations in permits issued uritter CWA section 40Rlational
Pollutant Discharge Elimination System (NPDp8)ymitprogram.

As requiredby the CWA, EPA periodically reviews and revisestion304(a) AWQC to
ensure the are consistent with the latest scientific imf@tion. This 2016 peer-reviewed and
finalizedupdatesupesedes the AWQC for cadmiumthat EPA lastupdatedn 2001(EPA-822
R-01-001, U.S. EPA 2001EPA updated theadmium water quality criteriprovidedin this
documenin accordance witmet hods out | i n &didelines fot begvinhgency 6 s
Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and Their
Use® (referred to as th#985 Guidelines]Stephan et all985). This document describes
scientifically defensible water quality criterialues for cadmiurpursuant taCWA section
304(a) derivedutilizing best available daia a manner consistent with the 1985 Guideliaied

reflectingbest professional scientific judgments of toxicological effects

1.1 History of the EPA Cadmium AWQC for Aquatic Life

EPA first published AWQor cadmium in1980 (EPA 440/80-025), and updated the
criteria in1985 (EPA 440/84-032), 1995(EPA-820-B-96-001)andagain in2001 EPA-822-R-
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01-001%). Eachupdatesupersdesthe previous EPA aquatic life water quality critesaduses
the most recent data estimate maximurandcontinuous concentrations of cadmitimat would
protectmost aquatic organispopulationdrom unacceptable shertr longterm effects.

The 1980acuteand chronic freshwater and saltwatateriawereexpresseastotal
recoverable cadmiunThe acuteand chronidreshwaterriteria were adjusted f@mbientwater
hardness sinche presence afalcium and other iong freshwater ge known toreduce tle
toxicity of cadmiumAn acute saltwater criterion was calculated and the effects of temperature
and salinity wereonsideredbut no clear relationship to toxicityould beestablisheavith the
available datathusthe acute saltwater criteria was not adjusted for temperatsainity.
Because of mited dataseat the time achronicsaltwatercriterion was not developebata for
aguatic plants indicated thateductionin growthoccuredat concentrationsbovethe lowest
effectconcentrationsor fish and invertebratespaquatic lifecriteria were not developed for
plants

The 1985 criteriaupdatewasdeveloped usinthe measuremertf acid-soluble cadmium
instead of total recoverable cadmiupased orthe conservasimof usingtotal recoverable
cadmumin situationswhereit is occluded in minerals, clays, and samdstrongly sorbed to
particulate matteMVhile the 198 criteriaprovidedextensive scientific and practical rationale
for using acidsoluble cadmiummeasurements, no standarthlyticalmethod was available. In
the absence @nEPA-approved method for the measurement of-goldible cadmiumtotal
recoverableadmiumwasconsideredhe preferredconcentratioomeasure

Acute toxicity valesfor 44 freshwategenera52 speciesyvereusedfor the 1985
criteria updateo develop @&inal Acute ValugFAV), whichwasloweredfurtherto protect the
commercially important rainbow trguhe most sensitive specidheacutefreshwatercriterion
wasset at3.589ug/L at a hardness of 50 mgés CaCQ@ not to be exceeded over endur
average more than onceegy 3 yearson averageAcutetoxicity valueswere available at that
time for 35 estuarine/marinepecies 33 genergTable 2) andthe most sensitivgeneravas
MysidopsisAcute toxicitywasgenerallyfound toincreaseawvith decreasingalinity, while the
effect oftemperatur®n acute toxicityappeared to occur onspeciesspecificbasis However,

! http://www.epa.gov/nscep/




correction factors were ndevelopedor eitherdue to limitations in supporting daféhe
estuarine/marin€AV was85.09ug/L, not to be exceeded over ddur averagenore than once
every 3 yearson average

Chronic freshwater toxicityaluesused to derive the 1985 critemaere availabldor 16
specieg13 genera TheFinal Chronic ValueKCV) was calculated in the samenneras the
FAV becauseheacuteto-chronic ratioswhich were availabléor eight speciesvaried widely
Theresultingfreshwatef~CV was 0.65831g/L at a hardness of 50 mgés CaC@Q, not to be
exceeded over aday average more than once every 3 yearaveragel he mean acutto-
chronic ratio for two saltwater speciasused to calculatenaestuarine/marinECV of 9.345
Mg/L, not to be exceeded over @dy average more than once every 3 yearaverage

The 199%criteriarevision(U.S. EPA 1996) updated freshwater criteria based on the
incorporation of nevacute and chronic dagand the resvaluation of existing dat&eveal
Species Mean Acute ValueSNIAVs) were changed based arpreference fditow-through
tests and measured test concerdreti Data from tests conducted withcharacterizedver
water were removed from the acceptable acute dataset. The resulting acute datatsd cbns
43 Genus Mean Acute Value6MAVs). The FAV was 4.134 pg/L total recoverable cadmium,
normalized to a&rdness of 50 mg/L. The FAV was not lowered to protect a commercially or
recreationally important specigsenus Mean Chronic ValueGNICVs) were changed based on
the availability of additional test datdneremoval of two test values conducted in rivextev,
and the removal of gest value where cadmium cmentrations were not measurdthe resulting
chront dataset consisted of 12 GMCMshe FCV was <cal cul ated using
the number of GMAVS, rather than 12, the number of GMOWe FCV was 1.429 ug/L total
recoverable cadmium, normalized to a hardness of 50 mg/L.

The 2001 criteriaipdate was based diissolved cadmiun{passing through a 0.46n
filter) to more accurately account for bioavailabikiydreflectthe latest EPA pady for metals
risk assessmeii).S.EPA 1993h). Freshwate6EMAV s for cadmiumwereavailable for65
species in 55 gene(a4 fish,39invertebratesl frog, and 1 salamanddifable 2). The most
sensitivevertebratespecies was brown tro(ffalmo truttd. The most sensitivievertebrate
species waBaphnia magnawhich was approximatelginetimes less sensitive thdmown
trout Freshwater criteriavere corrected fanardnesdasedn separate acute and chronic

cadmiumtoxicity versus hardness slagphatweregenerated using acutiata br 12 speciesnd



chronic data fothreespeciesConversion factors were applied to convert total recoverable to

dissolvedcadmium concentrations

Acceptabldreshwaterchronic testdatawere available foll4 fish species and

invertebrate specig3able 2), with the amphipodyalella aztecadentified ashe most

sensitive specieaga the 2001 criteriaAcuteto-chronic ratiosvere calculatedor 6 speciesThe

2001estuarine/marinacutecriterion wasbased orSMAVSs for 61 species in 54 gene(a0

invertebrates and 11 figpecie}(Table 2), with mysids and striped basdentified aghe most

sersitive speciesChronicsaltwatertestswere available fotwo mysid speciegrom which

acuteto-chronic ratioswvere calculated.

Bioconcentration factors (BCFsgported in the 2001 criterdocumenfor freshwater

specieganged from 7 to 6,910 for invertebrates and frotm 3,213 for fishesBCFs fa

saltwater invertebrateanged from 5 to 3,16d.oxicity values for freshwater and saltwater

aguatic plants were reviewed and acute values were fourglin the same rangs toxicity

values for fish and invertebrateghile chronic values were found to be considgralgher

Theresulting2001 freshwateacute criterion (0€MC)was2. 0 € g/ L di ssol ved
and the resulting freshwatehronic citerion (or CCCwas0.25¢ g/ L di ssoJwhend cadm
normalized to a total hardnessl@fO mg/L as CaC@ The2001saltwater CMGvas4 0 € g/ L

dissolved cadmiumwhile the2001 saltwate€CCCwas8 . 8 .e g/ L

Table 2. Number of Aquatic Species Included irCadmium AWQC.

Freshwater Estuarine/Marine | Estuarine/Marine
Freshwater Acute . X
Chronic Acute Chronic
1980 29 13 31 1
1985 52 16 35 2
19% NA? NA NA NA
2001 65 21 61 2
2016 101 27 A 2

2NA = Not Available

For the 2016 update EPA conducted a literature seawnid review ofacute and chronic

toxicity datathat have become available since the 2001 updihte update incorporates

additional toxicity data fothe development of botiheshwater and estuarine/marmeute and

chronc criteriaandnewtoxicity data related to ater hardness whichremairs the primary




guantitative correlationsed to modify metal toxicity estimatesfreshwater(U.S. EPA 198a).
EPA alsore-evaluatedstudieswith Hyaldla aztecaandfreshwater mussejlochidia(a larval

stage of unionid mussé]doth of whichwere used in the development of the 2001 criteria. EPA
re-evaluatedstudies withH. aztecabecauseecent research has shown ttegt outcome of

toxicity tests withH. aztecacan bempacted bycultureand testonditions(e.g., chloride
concentration, food quantity and compositianyithattests usingtandardecommended test
methodsmay not beacceptableAll Hyalella studies wer¢hereforere-evaluated for
acceptabilitywith newly developedjuidelineAppendix K). The acceptable duration afsts
usingglochidiawasalsoreconsideredGlochidiaare a larval stage of unionid freshwater mussels
that occur in the water column and remain vidbteonly a limited period of timegorior to

attaching ta host fish.The duration ofin acceptablxicity ted wasadjustedo 24 hours to
account fopotertial adverse effects tglochidiaduring this larval stage, ascent information
indicaiesthat glochidiacan be the mostensitivelife stagefor some chemicalandplays an

importantrole in the viability of unionid mussel populations



2 PROBLEM FORMULATION

Problem formulation provides a strategic frameworllevelopwater quality criteria by
providing an over visandocaufrence, fateraeditranspartiotlle s our c e
environmentandtoxicological characteristics and factors affecting toxigkyroblem
formulation uses this information to develop a conceptual model and identifyosterelevant
chemical properties and endpoifds evaluation The structure ofhe problem formulatio
developed for cadmiuns consistent wittU. S EPAGs Gui del ines for Ecol o
Assessment (U.S. EPA 1998)

2.1 Overview of Cadmium Sources and Occurrence

Cadmium is a relatively rare, naturally occurring metal foumnmineral deposits and
distributedwidely at low concentrations the environmeniCadmiumis a minor metallic
element thatvas first discovered in Germany in 1817 as ghpduct of thezinc refining process
(International Cadmium Association 2018he primarycurrentindustrialuses ottadmium are
for manufactung batteries, pigmentglasticstabilizers,metalcoatings, alloys and electrosic
(Fulkerson and Goeller 197Button1983;Pickering and Gast 197®%/ilson 1988) Nickel-
cadmium(NiCd) batteries account for the majority (over 80%) of glatzamiumconsumption
followed byits use inpigments coatings and plating, stabilizers for plastics, nonferatloys
and other specialized usg@sg, photovoltaic deviceglUSGS 2013)Of particdar noteis the
recent use of camium (ascadmium selenider cadmium sulfidgin the manufacture of
nanoparticls (also referred to apiantum dat) used as a semiconductor in photovoltaic devices
(e.g., solar cells aneimitters for color displaysThe ecological and toxicologiceffects of these
emerging materials to aquatic organisms are largely unknown at this time, and therefore
represenft new source of cadmium to the environment (Tang 2@&handfor cadmium has
increasedased on gusein NiCd batterieswhile moretraditional use®f cadmium incoatings,
pigments and stabilizers v@been declining due to environmental and health concerns (USGS
2013).Cadmium isalsopresentas anmpurity in zinc, lead and copp@re mine wasts, fossl
fuels, iron andsteel, cemengndfertilizers (Cook and Morrow 19939nternational Cadmium
Association 203), and ispresent as a natural imtroducedconstituenin inorganic phosphate
fertilizers (MNDH 2014).



In2012approxi mately 70 npweadmiemsupplywds produeedimvor | d 0 s
Asia, with China, the Republic of Korea and Jappresenting theeading producers (USGS
2013). Cadmium is no longer actively mined in the U.S. or Canada (USGS 201iB)s but
produced domestically as a-pyoduct of the extraction, smelting and refining of zinc, copper
and lead oresA leading source of cadmium (23% of the global supply) is from the recovery of
spent NiCd batteries and other cadmibearing scrap materials (Imt@tional Cadmium
Association 2013; USGS 2013). In 2040, estimate®37 metric ton®f refined cadmium was
produced domesticallfyom recovered materia(f)SGS 2013)The amount of cadmium
contained in products importéd the U.Sin 2007 was estimatad be about 1,900 metric tons
(USGS 2007).

Cadmium concerditions in natural sources vamth geograplt locationand type of
deposit.Concentrations ofadmum in mineral depositssuch as mineral dudles,typically range
from 0.1to 0.2mg/kg with anaverage concentratiaf 0.18mg/kg (Babich and Stotzky 1978;
EC 2001;Nriagu 1980. As a phosphate rock impurity, cadmium can vargoncentratiorirom
as lowas 0.1mg/kgin Tennessee ores to as hag980mg/kgin western ores (U.S. EPA
19933. In the U.S., cadmiunconcentrations in coal ranfi@m 5.47mg/kgin thelnterior
Province to 2.89mg/kgin thelllinois Basin 0.28mg/kgin Alaska and0.13mg/kgin the
Appalachia region This range in cadmium concentratidepend®n the typeof coal, with
bituminous coal having theighestaverageconcentratior{0.91mg/kg) andanthracitecoal
having theowest averageoncentratior{0.22mg/kg).

Cadmium enters the environment as a resubiotth natural processéseatheing and
erosion ofrock and sits, natural combustion fromolcanoesand forest firesandanthropogenic
sourcegmining, agriculture, urban activities, and waste streams from industrial processes,
manufacturingcoal ash ponds/pit§pssil fuel combustionncineration and municipal effluent)
(Hem 1992 Hutton 1983; Morrow 2001Pickering and Gast 1973hevchenko et al. 2008, S.
EPA 2016;WHO 2010).Anthropogenic sources account for more than 90 percehetital
cadmium present in surface water, watmospheric particulate deposition from fossil fuel
combustion(including coal)contributing approximatel$0 percent of the total cadmium peat
in surface water (Wood et &012).The agricultural application of phosphate fertilizer releases

33 to 56 ercent of total anthropogenic cadmium to the environnteam et al. 203,(Panagapko



2007). Waste from cement manufacturingdmetallurgic smelting and refining operations
account for the other major sources (Pan et al. 2010; Wood et al. 2012).

In theU.S., industrial and manufacturing facilities and mining operations report the
volume of cadmium and other toxsabstances released to the environmenthed).S.EPA
Toxics Release InventoryRI). Data from thélRI indicate the average yearly release of
cadmium and cadmium compounds to the environment from all industries (between 2002 and
2012) rangedrom approximately2.6 million pounds in 2008 10 million pounds in 2012In
coastakzones cantinental riverine rooff represents major secondargource of cadmium to
estuaries and adjoining coastal waters (Cullen and Maldonado, 203§evated cadmium
concentrations are often detected in runoff from urban and industrial @reelsjncreagsthe
loadingof cadmum to nearby waterways and sediments (Gobel et al. 2007).

Cadmiumconcentrationgn unpollutedfreshwatersre typically veryjow and frequently
below analytical detection limitdebane2006. In natural waters, cadmium @curs with zinc
at adissohed Cd/Zn raticof approximately 0.3 percent (Wanty et al. 20@@%solved cadmium
concentrations unpolluted waters of the U.Bave been estimated to rarfgem 0.002 to 0.08
€ g /(Stephan et al. 1994%urface water monitoring of the Great Laketween 2003 and 2006
indicatedcadmium concentratiorranging from< 0 . 0 0 Xbelewglétdction limit) t00.015
Mg/L in Lake Huron, 0.098 ug/ln Lake Erie, 0.028 pg/lin Lake Ontarig0.015 pg/Lin Lake
Superiorand 0.005ug/L in Lake Michigan(Lochner ad Water Quality Monitoring and
Surveillance 2008Rossmann and Barres 199€admiumconcentratioa i n t he wor | d o6 s
are estimated trangefrom <0.005to 0.110 pg/L, with higheconcentrationseported neasome
coastal areagJpok and Morrow 199%linder 1985; Jensen and BRasmussen 1990Q0ECD
1994;Pan et al. 203,0/VHO 1993. Cadmiumconcentrationgn surface waters of impacted
environments are frequent®y3 pg/L or greate(Abbasi and Soni 198@&llen 1994; Annune et
al. 1994 Flick et al. 197; Friberg et al. 197 Henriksen and Wright 1978ilsson 1970;Spry
and Wiener 1991

2.2 Environmental Fate and Transportof Cadmium in the Aquatic
Environment

Cadmiumhas two oxidation state¥he metallic state (CYis insoluble and rarely
present invater, while several salts of the divalent statg.(CdChL and CdSQ) freely dissolve



in water (Merck 1989). Divalent cadmium is the predominant form in most well oxygenated
freshwaters that are low in organic carbdhe physical and chemical propestief cadmium are

summarized imMable 3.

Table 3. Physical and Chemical Properties of Cadmium

CAS Registry Number 7440439

Atomic weight 112.40 g/mol

Physicalform Soft, white solid

Density 8.64 g/cni (@ room temperatue

Melti ng point® 321°C

Boili ng point® 765°C

V apor pr&ssureb 1 torr at 394°C

Watersolubili ty (g/L)?
Cadmium Insoluble
Cadmium carbonate (CdGP Insoluble
Cadmium chloridéCdClh) 1400 @ 20C
Cadmium hydroxide (Cd(OHl) 0.0026 @ 2%C
Cadmium nitrate (Cd(Ng)») Soluble
Cadmium sulfate (CdS{p 755 @ OC

2 ReferenceMerck 1989.
b ReferenceATSDR 2012.

Upon enteringhefreshwater or estuarine/mariaguatic environmentadmium
becomes strongly adsorbed to clays, muds, humic and organic materials and some hydrous
oxides (Watson 1973Yhis complexatiotends to removeadmiumfrom the water column by
precipitation(Lawrenceet al. 1996)whereit may not be bioavailablexcept to benthic feeders
and bottom dwellergCallahan et al. 1979; Kramer et al. 199%)s estimated that upt93
percent of cadmium entering surfagates will react with constituents in the water colurand
will be removedo sedimentgLawrenceet al. 1996)andtheformation of these complexes is
considered to be the most important factor in determining the fate and transport of cadmium in
the aquatic environment.

Once in sedimentsadmiumcan be resuspended in partitate form or can return to the
water column in dissolved form following hydrolysis or via upwelling in coastal z@d®sdrs
et al. 1987U.S. EPA 1973 The solubility of cadmium compounds in water depdratb on the
specific cadmium compoundble 3) and on abiotic conditions, such as pH, alkalinity,
hardness and organic mattBorption processesor example, bcome increasingly important

with increagng pH.



2.3 Mode of Action and Toxicity

Cadmiumis a nonessential metal (NRC 200®jth no biological functionn aquatic
animals(Eisler 1985 Lee et al. 1995McGeer et al. 201, 2Price and Morel 199Ghanker 2008
In one study comparinipe acute toxicityof all 63 atomically stable heavy metals in the periodic
table, cadmium waund to behe mostacutelytoxic metalto the amphipodHyalella azteca
based orhe results ofevenday acute aquatic toxicity tegBorgmann et al. 2005)n addition
to acutetoxicity, cadmium is a known teratogen and carcinoggea,probable mutagen amnl
known to induce a variety @thershort and longterm adverse physiological effedtsfish and
wildlife atboththe cellular and whotanimal level(ATSDR 2012 Eisler1985; Okocha and
Adedeji 201). Chronic exposuréeads to adverse effects growth, reproduction, immurend
endocrine systesndevelopment, andehaviorin aquatic organism@cGeer et al. 2012Dther
toxic effectsincludehistopathologies of the gilliver and kidney in fishrenal tubular damage,
alteratiors of free radical production and the antioxidant defense systemunosuppression,
and structural effects on invertebrate gills (Giari et al. 20@Mp et al. 1998icGeer et al.
2011; Okocha anAdedeji 2011 Shanker 2008

Toxic effects are thought to result from the free ionic form of cadmium (Goyer et al.
1989), whichcauses acute and chronic toxicity in aquatic organisms primarily by disrupting
calcium homeostasis and causing oxidative daradgreshwater fish, admiumcompetes with
calcium at high affinity binding sitaa the gill membranand blocks theptake of calcium from
waterby interfering with ion uptaken specialized calcium channdlsat ardocated in the
mitochondriarich cHoride celk (Carroll et al. 1979Evans 1987McGeer et al. 201 2Morel and
Hering 1993;Pagenkopf 1983ran and Wang 2009The combined effect of competition fibre
binding sites and blockage of calcium uptake on the gill membrane results in acute
hypocalcaemian freshwater fish, which is characterized by cadmium accumulation in tissues as
well as decreased calcium concentrations in plaste&eer et al. 201,1Roch and Maly 1979;
Wood et al. 199) This mechanisns also thought to be the targetoafdmium toxicity in
marine fish(McGeer et al. 2012Schlenk and Benson 200%)though @dmium is generally
considered to bkess toxic in seavater than in freslvater The lessesensiivity of marine fish
and aquatic organisms in genaray be both &unction of physiology and environmental

condition.Rocha et al. (2015) observed an increase in catalase actividgi{ox stress) in the
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marine musseMytilus galloprovincialis suggesting a pedle mode of action for thisaxon

Mebane et al.2006, for example, suggests the energy demands for fish to maintaeostasis

in the lower ionic compositiofreshwaterenvironmenimay make fish more sensitive to metals,

such as cadmiumyhich inhibit ion regulationHigher levels of calciunand chloridan seawater

arealsobelieved tacompete to a greater degree weddmium potentially making itess

bioavalable to aquatic lif¢Engeland Flowerl979) However, application of the calcium

competition for apical entry artle subsequent osmoregulatory disturbance toxicity mechanism

for insects has been questioned by Poteat and Buchwalter (2013). Their research (Poteat et al.

2012, 2013) has demonstrated the lack of interaction between calcium and cadmium at the apical

surface baquatic insects in dissolved exposuf@admium exposure is also associated with the

disruption of sodium balance and accomyiag Na/K*-ATPase activity (Atli and Canli 2007).

Onceinside the cellcadmiumcandisrupt enzymatic function (Okocha and Adedeji 20b¥)

eitherdirectly affectingCaATPaseactivity or inhibiting antioxidant processgSadmiumalso

inhibits enzymes such as catalase, glutathione reductase, and superoxide dianuretgcing

agentssuch as GSH, ascorbatecérotene and-tocopherol, albf which can lead to the

generation of excess reactive oxygen species and reduced ATP production (McGeer et al. 2012).
Cadmiumcanbioaccumulat in aquatic organismsvith total uptakedependhg on the

environmental cadmium concentratj@xposure routand thedurationof exposure Annabi et

al. 2013 Francis et al. 200McGeer et al. 20QRoméo et al. 1999Cadmiumconcentrations

typically build upin tissue at the site of exposursuch ashe gill surface and gut tract wall

(Chevreuil et al. 1995 Cadmiumis thentransferred via circulation to nearly all other tissues and

organs, withtheliver andkidney (in addition to thegill or gut) typically accumulatindhigh

concentrations relativi® muscle tissug(Annabi et al2013 McGeer et al. 2012Although

cadmium bioaccumulasen some aquatic species, there does not appear to be a consistent

relationship between body burden and toxicological effect. In a detailed review of this

relationship, Mebane2006 concluded that for both aquatic invertebrates and tistye

concentrabns associated with adverse effects regularly overlap with tissue concentrations where

no adverseeffects were observed. This inconsistent relationship between whole body tissue

concentration and effect may be related to specific organs and/or tigstiasvhich the

accumulations occurringandwhich would not be accurately quantified by whole body tissue

residue analysis, and/or to the metabolic bioavailalofityadmium in tissue®etoxification
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mechanism# aquatic organismsncluding the formatin and activation of antioxidants,
metallothionein, glutathione, and heat shock protécQeer et al. 2011 ffectivelysequester
the metal in aetoxified form, thereby allowing the organism to accumulate elevated levels of
cadmium before displayingtaxic responséWhile the amount of detoxified metal that an
aguatic organism can accumulate is theoretically unlimited, an organism will only experience
toxic effects once the concentration of metabolically available metal is excé¢eledne2006
Rainbow 2002)Under natural conditions, most accumulated cadmium in tissues is expected to
exist in the detoxified state, which may explain the poor relationship between toxic effect and
whole body tissue residwencentratioa of trace metals reported Bainbow (2002) for aquatic
invertebrates and fisiMebane 2006 concluded thatlthough therevere not adequatiata to
establishacceptable tissueffectconcentrations for aquatic life, cadmium is unlikely to
accumulate in tissue tevels that wouldesult in adverse effects to aquatic invertebrates or fish
at calculated chronic criterion concentratiohkeevaluation of direct exposure effetts
organisms via watas therefore considered more applicable to the development of criteria for
aquatic ife.

Mammals and avian wildlife could be exposed to cadmium while foraging in aquatic
habitats or via the ingestion of prey that have bioaccumulated cadmium from the aquatic
environment. Although few adverse effects to mammals and avian wildlife have been
demonstrated from the presence of cadmium in the aquatic environment, a number of laboratory
based investigations have demonstrated a range of sublethal and lethal toxic effects, the majority
of which are associated with chronic exposierger 2007 Cooke and Johnson 199Ejsler
1985;Furness 199&1ensonand Chedrese 2004jowever, the biological integrity of aquatic
systems is considered to be at greater risk from cadmiumtehastrial systems basedtbe
greatersensitivity of aquatiorganisms relativeo birds and mammal&8(@rger 2007 Wren et al.
1995). Freshwater biota are the most sensitive to cadmium, marine organisms are generally
considered to bmore resistanthan freshwater organisms, while mammals and birds are
consideredd be comparatively resistant to cadmiuBuiger 2007 Eisler 1985)Based on this
trend criteria that are protective of aquatic life are also considered to be protective of
mammalian and avian wildliféncluding aquatiadepenént wildlife) andareaccordngly the

focus of this evaluatian
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2.3.1 Water quality parameters affectingcadmium toxicity

Water quality parameters such as hardness, pH, salinity, alkasiaitye metalsand
organic carbomranalter the toxicity oimetak to aquatic organism#/henadequate data are
available, vater quality criteria can be adjustiedquantify how these environmenftattors
affect the toxidy of a chemiel. Water hardnessvhich isthe amount of minerals (primarily
calcium and to a lesser extent magnesium) disdatveurface waters oneimportantwater
guality parameteinfluencingthetoxicity of cadmium

The acute toxicity of cadmium has been shown to decreasenaiidasng water
hardnessn mosttestedrreshwater animaléSprague 1985Available data for 14 genera
(representing six of the eight requirglihimum Data Requirement84DR) families)listedin
Appendix A indicate that cadmiuns more acutelytoxic in soft than in hard watefcute tests
conductedvith Daphnia magnaat three different water hardndesels for example,
demonstratéhat daphnidsreat least five times more sensitive to cadmiursaft water than in
hard wateChapman et al. 1980%imilarly, the acutetoxicity of cadmium tdD. magnawas
reduced (4&r LCsoincreased from7.5t024688g/ L) as t he c avasmdreased conc e
from 0.46 to 192 mg/I(Tan and Wang 2011Yhe ability of calciunto redue thetoxicity of
cadmium was also observadwaterwith D. pulex(Clifford and McGeer 2010)ainbow trout
(Oncorhynchus mykis¢Niyogi et al. 2008 andbrook trout Salvelinus fontinalijs(Carroll et al.
1979.

In addition to hardnessther water quality characteristibave been shown tofluence
the toxicity of cadmium to aquatic species. Increased levels of dissolved argebyog for
examplehave been shown teduce the toxicity of cadmium to daphniasreduceng the
bioavailability of cadmiumthroughcomplexation Clifford and McGeer 201,0Giesy et al. 1977;
Niyogi et al. 2008 Conversely, ther water chemistry variablescludingmagnesium, pH and
alkalinity have been shown to have litde no effect orcadmium toxicity(Clifford and McGeer
201Q Niyogi et al. 2008 The relationship betweemliity and temperaturandcadmium
effects could not be quantitatively established. Tlaesdy®s aredescribed in detail iGection
5.4.1

Development of an initigphase Ipiotic ligand mode(BLMif or mer | 'y t he #dAgi |
mo d ewasaftemptedor cadmiumto better account for the bioavailabiliby this metal to

aquatic life. Thecadmium BLM is based on a conceptual model similar to the gill site model
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proposed byagenkop{1983) but it is recognized that the gill itself may dg@eneral surrogate
for theactual site ofoxic action For cadmiumit is thoudpt that more higly specific @azymatic
binding stesaffecing the activity of G**-ATPasemay be the actual site of toxic actifffu et

al. 1989 Hogstrand and Wood 199@ased on the preliminary findings2003 duringhe
Phase | developmenf a cadmium BLM(HydroQual 2003, a significant pH effect waslso
observed when pMasdecreased from 7.0 to 4.7 for steelhead {rOatorhynchus mykisin

the BLM frameworkthis was explainedsa competitive interaction betweeri Bhd Cd* at the
biotic ligand rather than a change in cadmiuma@pgon Preliminaryresults for theeadmium
BLM for more compéx interactions indicate theffect levels should generally increase with
increasing DOC, pH and hardness (both as calcium and magnesilSrRA 2004). Further
development of the BLM for cadmium may hédpoetter quantify the bioavailable fraction of
this chemicalHowever,becausdardness is a surrogate for other ions affecting cadmium
toxicity, andbased on available dataPA believethat a cadmium BM model is not necessary

for the currentriteria update.

2.4 Conceptual Model

A conceptual model characterizetationships between human activities, stressors, and
ecological effects othe assessment endpoints identified for evaluation (U.S. EPA 1998). The
conceptual model links exposure characteristics with the ecological endpoints importhat for
development omanagement goals. Under the CWA, these management goals are estaplished b
states and tribes as designated uses of waters of the United States (for example, the protection of
aqguatic life). In deriving aquatic life criteria, EPA is developing acceptable thresholds for
pollutants that, if not exceeded, are expected to be praedtaquatic life. A state and/or tribe
may implement these criteria by adopting them into their respective water quality standards.

The conceptual model depictedrigure 1 provides a broad overview of how aquatic
organisms ould be exposed to cadmium. As depictedrigure 1 and discussed iBection 2.1,
cadmium enters the environment from both natural and anthropogenic sources. Natural sources
of cadmium, which largely result from the weathering and erosion of rock and soils, represent a
relatively minor source to the environment compared to anthropogeurces. Although there
are multiple anthropogenic sources (Seetion2.1), emissions of cadmium to the atmosphere

(e.g., combustion, smeltingfining, and manufacturingnd contributions from leaching/runoff
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(via the application of phosphate fertilizerspresent the majaadmium inputs40 andup to56
percent, respectively) to surface water (Pan et al. 2010).

Up to 93 percent of cadmiunmiering surface watewill react with organic and inorganic
constituents in the water column, including particulate matter, iron oxides|anohaterials,

and will be removed to sediments (Lawrence et al. L99&liments aréhereforea reservoir for
cadmium in the aquatic emanment and can becomeaurce of exposure férenthic and water
column dwelling aquatic life and higher trophic level spedtggure 1 depicts exposure
pathways fothebiological receptors of concern (e.gquaticanimals) and the potential attribute
changes (i.e., effects such as reduced survival, growth and reproductitsgereceptorgrom
cadmium exposure. Althoughemultiple potential exposure pathwayspicted inFigure 1 are
likely to be completgthe development othewater quality criteridor cadmium focuses on
evaluating thelirect exposure of aquatic life to cadmium in surface water because this potential
exposure pathwawynd the potential for adverse effects on survival, growth, and reproduction
from directaqueougxposureis considered to represent the greatest potential rigto&i
aguaticspeciesand is congtent with the approach establishedhe 1985 Guidelines
Nevertheless;onsideration othefate and transport mechanisms, expegathways, and
receptors depicted iRigure 1 may be helpful for states and tribes as they adopt criteria into

standards and evaluate potential exppepathways affecting designated uses.
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Figure 1. Conceptual Model Depicting the Major Sources, Transport and Exposure Media

and Ecological Effects of Cadmium in the Environment.

(Note: Solid line indicates potentialijmportant pathway/media/receptor; dashed line indicates secondary
pathway/media/receptor).

2.5 AssessmenEndpoints

Assessment endpoints atefined agheexplicit expressions of the environmental value
to be protected and acemprised oboththeecologcal entity (e.g., a species, community, or
other entity) andhe attributes or characteristigeof the entityto be protecte@U.S. EPA 1998).
Assessment endpoints may be identified at any level of organization (e.g., individual, population,
community).In context of theCWA, aquatic life criteria for toxisubstancesre typically
determined based on the results of toxicity tests with aquatic orgafsmsich adverse
effects on growth, reproduction, or surviaaé measured his information is aggregated into a

species sensitivity analysis tietaracterizes ampactto the aquatic communitriteria are
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designed to be protective of the vast majority of aquatic animal speciesquatic community
(i.e.,approximateljthe 95" percentile of tested aquatic animals representing the aquatic
community).Assessment endpointsrtsistent with the criteria developeudthis document are
summarized imable 4.

The concept of using laboratory toxicity tests to protect North American bodies of water
and resident aquatic species and their uses is based on the theory that effettg twaur
species in appropriate laboratory tests will generally oictive same species in comparable
field situationsSince aquatic ecosystems are complex and diversified, the 1985 Guidelines
require acceptable data be available for at least eight genara spiecified taxonomic diversity
(the standard eigifamily minimum data requirement, or MDR). The intent of the efghtily
MDR is to serve as a typical surrogate sample community representative of the larger and
generally much more diverse natural agqueommunity, not necessarily the most sensitive
species in a given environment. For many aquatic life criteria, enough data are available to
describe a species sensitivity distribution to represent the distribution of sensitivities in natural
ecosystemdn addition, since aquatic ecosystems can tolerate some stress and occasional
adverse effects, protection of all species at all times and places are not deemed necessary (the
intent is to protect 95 percent of a group of diverse taxa, and any commeaodally
recreationally important species). Thus, if properly derived and used, the combination of a
freshwater oestuarine/marinacute CMC and chronic CCC should provide an appropriate
degree of protection of aquatic organisms and their uses from acutbBrandt toxicity to

animals, toxicity to plants, and bioaccumulation by aquatic organisms (Stephan et al. 1985).

2.6 Measurement Endpoints

Assessmengndpoins require one or more measures of ecological effeltich are
termedfimeasurement endpoiltdVieasuement endpoints are theeasures of ecological effect
used to characterize or quantdiganges in the attributes of an assessment endpahanpges in
a surrogate entity or attribyte this case aesponse to chemical exposurexicity data are
used a measures of direct and indirect effentsepresentativeiological receptors. The
selectedneasures of effeébr the development of aquatic life criteeacompasshanges irthe

growth, reproduction, and survival of aquatic organisms.
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Thetoxicity dataused for the development of aqudiie criteria depend othe
availability of applicable toxicity test outcomeke acceptability of test methodologiaad an
in-depth evaluation dheacceptabilityof each specific tesas performed by EPAeasurement
endpoints for the development of aquatic life criteria are derived asurtg and chronic toxicity
studies forepresentativéest speciesvhich are thewuantitatively and qualitatively analyzed,
as decribed inthe Analysis Plan blow. Measuementendpointsconsideredor each assessment
endpointin this criteria document are summarized able 4. The following sections discuss
toxicity data requirements for the fulfillment of these measuremeipioants.

Overview of Toxicity Data Requirements

EPA has specific data requirements tsessthe potential effects of a stressoman
aguatic ecosystem anvelop 304(a) aquatic life criteria under the CWA. Acute toxicity test
data(short term effects on survivddr species from a minimum of eight diverse taxonomic
groups are required foine development of acute criteria to ensure the protection of various

components of an aquatic ecosystem.

1 Acute freshwater criteria require data from the followtagonomicgroups:

o the family Salmonidae in the class Osteichthyes

o a second family in thelass Osteichthyes, preferably a commercially or
recreationally important warmwater species (e.g., bluegill, channel catfish)

o a third family in the phylum Chordata (may be in the class Osteichthyes or may
be an amphibian)

0 a planktonic crustacean (e.gadbceran, copepod)

0 a benthic crustacean (e.g., ostracod, isopod, amphipod, crayfish)

0 aninsect (e.g., mayfly, dragonfly, damselfly, stonefly, caddisfly, mosquito,
midge)

o a family in a phylum other than Arthropoda or Chordata (e.g., Rotifera, Annelida,
Mollusca)

o a family in any order of insect or any phylum not already represented

1 Acute estuarine/marine criteria require data from the followingnamic groups:

o0 two families in the phylum Chordata

a family in a phylum other than Arthropoda or Chordata

a family fromeithe Mysidae or Penaeidae

three other families not in the phylum Chordata (may include Mysidae or
Penaeidae, whichever was not used above)

o0 any other family

o O O
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Chronic toxicity test data (longéerm effects on survival, growth, ogproduction) are
generally required for a minimum of three taxa, with at least one chronic test being from an
acutelysensitive species. Acutdronic ratios (ACRs) can be calculated with datsspecies of
aquatic animals from at least three differernilies if the following data requirements are met:

i atleastone is a fish
M atleast one is an invertebrate

1 atleast one is an acutely sensitive freshwater spdoreseshwater chronic criteriafthe
other two may be saltwater species)

1 atleast one is amcutely sensitive saltwater speciesestuarine/marine chronic criterion
(the other two may be freshwater species)

Because acceptable chronic values for all digibRkRs were available for cadmium in
freshwater, the chronic criteriowas derived folloving the same genus level sensitivity
distribution (SD) approach used to calculate the acute criterionh@d®85 Guidelines for
additional detail). The chronic estuarine/marine criterion for cadmiasderived using the
ACR approach.

The 1985 Guidelies also require at least one acceptable test with a freshwater alga or
vascular plant. If plants are among the aquatic organisms most sensitivehertiiea) results
of a plant in another phylum should also be available. Data on toxicity to aquatggran
examined to determine whether plants are likely to be unacceptably affected by concentrations
below thoseexpectedo cause unacceptable effectsamuaticanimals.However,as discussed in
Section2.7, the relative sensitivity of fresh and estuarine/marine algae and plants to cadmium
(Appendix E andAppendix F) is less than vertebrates and invertebraeplant criteria are not

developed.
Measures of Effect

Measure of cadmium exposure concentration

Consistent with previous AWQC documents for cadmium, effigcts data from tests
that usedhe following cadmium salts (either anhydrous or hydrated) were used for development
of the AWQC:

1 cadmium chloride (CdG) (CAS # 1010864-2)
1 cadmium nitrate (Cd(N¢),) (CAS # 103254-7)
1 cadmium sulfate (CAS(CAS # 1012436-4)
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Measured concentrations of cadmium can be expressed as either total recoverable
cadmium, aciesoluble cadmium, or totalissolved cadmium (using a conversion factor) based
on the different forms of cadmium present in the aquatic environment. Previous aquatic life
criteria for cadmium were expressed either in terms of total recoverable cadmium (U.S. EPA
1980; 1983a) or as @ksoluble cadmium (U.S. EPA 1985 Since 1993, EPA has recommended
using dissolved metal concentrations (defined as the metal in solution that passes through a 0.45
em membrane filter) for developing olwedteria,
metals in surface water. Cadmium criteria are accordingly expressed as dissolved metal
concentrations consistent with current recommendations (Prothro 1993; U.S. EPA 1993b,
19941), which typically involves converting measured total recoverable cadmancentrations
to estimatedlissolved cadmium concentrations using a conversion factor. It should be noted,
however, the majority of cadmium present in natural surface water is in the dissolved form and
differences betweetne0.45¢ m f i | t e r )eadd ufillered ($ot@l) coneahtrations in
surface water samples are usually small, with dissolved concentrations typically averaging 90 to
95 percent of the concentration present in an unfiltered salaik (2002; Meban2006;
Stephan 1995 These aveiges are generally consistent wikte dissolvedraction present in
unfilteredconcentrations of 94 percent for freghter (at a total hardness of 100 mg/L as
CaCQ) and 99 percent for marine environments Hratusedor the updated criteria,
respectivey.

The acute freshwater conversion factors were determined empirically whereby total and
dissolved cadmium concentrations were measured during actumhd®6hour Daphnia
magnaand fathead minnow fed and unfed static toxicity tests conducted at nliffeta
hardness levels (Stephaf95 University of Wisconsifi Superior 1995). Either cadmium
chloride or cadmium sulfate were spiked in Lake Superior water and measured at test initiation
and completion. The time weighted averages obtained for peatissotved cadmium for each
simulation were used to determine the freshwater acute conversion factors of 0.973 at 50 mg/L,
0.944 at 100 mg/L and 0.915 at 200 mggtal hardneséseeAppendix Table A-3). Freshwater
chronic conversion factors obtained from the saméetests and extrapolation procedures were
0.938, 0.909 and 0.880 at 50, 100 and 200 nud! hardneséseeAppendix Table C-3),

respectively. The lower chronic conversion factors are due to the lomgeweighted average
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period employed relative to the acute factors. dtwgte saltwater conversion factor of 0.99
determined by Lussier et al. (1999) was based olnagricamysis bahif@6-hr flow-through
exposure and mean weighted total and dissolved cadmium concentrations. Narragansett Bay
seawater was spiked with cadmiuntazctde and exposure concentrations were measured at 1
and96 hours after test initiation

All concentrationgor toxicity testsare expressed &stal cadmiumin this documentnot
as theform of thechemical tested. In the aquatic environment, cadmium is measured as total

recoverable metal or free divalent metal.

Acutemeasures oéffect

The acute measures of effect on aquatic organisms are tgeH G, and 1Go. LC
stands for @ baDhaalC4 i€ thenconeamttation af & chemical that is
estimated to kill 50 percent of the test orga
ECspis the concentration of a chemical that is estimated to produce a specific effect in 50 percent
of the test organi s ms. | C st a mggsshe toocentrdtibonn hi b i t
of a chemical that is estimated to inhibit some biological pradeegsgrowth)in 50 percent of
the test organisms. Data that were determined to havptabtequality and to be useable in the
derivation of water quality criteria as describe®i? A 6 s GuidelBésfor the derivation of a
freshwater and estuarine/marine criteria are present&ppandix A andAppendix B,

respectively

Acute toxicity data on freshwater mussel glochidéstage

Glochidiaarean earlyparasiticlife stageof unionidfreshwatemusselswhichare free
living in the water columiprior tofinding an appropriate fish ho®ased on their unique life
history conpared to most aquatic life, glochid@xicity tests werearefullyexaminedo
determine if theyrovided ecologically relevant toxicolagil information for the derivatioof
aguatic life criteriaGlochidia may be present in the water column for a period ofrémging
from seconds to days, depending on the speareitheyhave potential the exposed to
contaminants in surface waterrdhg that time EPAdeterminedt was importanto considerthe
potentialfor adverse effecto glochidiain the development of water quality criteria for

cadmiumbecaus@dverseeffects on thisensitiveearly life agecould havamplicationsonthe
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viability of unionidmussel population§.he potential for adverse effects to glochidias also
considered in the development @hmonia criteria (US. EPA 2013.

In order for the toxicity test results with glochidia to be ecologically relevant, the
duration of the acute toxicity test must be comparable to the duration of tHieifrgestage of
glochidia prior to attaching to a host. Research conducté&dittyet al. 2014 supports the
recommendation of a maximum test duration of 24 hours for glo¢lmlieesponding witlhe
ecologically relevanperiodof hostinfectivity of this parasitic life stag&urvival of glochidia at
the end of 24 hours should be @as$t 90% in th&aboratorycontrol and if the viability is less
than 90% at 24 hours in the control, then the next longest duration less than 24 hours that had at
least 90% survival in the control is considered acceptable for ueserBguirementsor the
acceptancef glochidiatestswereput forward in the 203ammonia criteria document amngtre
peer reviewed at that tin{e).S. EPA 2013)Acceptable cadmium glochidia data were available
only for the fatmucketlampsilis siliquoideg but this life stagevas less sensitive thiine
juvenilelife stageand thereforglochidia results weraot used to calculate the SMAYV for this

species.

Chronicmeasures oéffect

The endpoint for chronic exposure is the,k@hich represents a 20 percent
effect/inhibition concentration. This is in contrast to a concentration that causes a low level of
reduction in response, such as any BCEGo, which is rarely statistically significantly different
from the control treatmenEPA selecte@nECy to estimate a low levelf effect that would be
statistically different from contraffects, but not severe enoughcause chronieffectsat the
population level (see U.S. EPA 1999c). Reported NOECs (No Observed Effect Concentrations)
and LOECs (Lowest Observed Effect Concativns) were only used foinederivation of
chronic criteronwhen an Eg could not be calculated for the genAINOEC is the highest test
concentration at which none of the observed effactstatistically different from the controh
LOEC is the bwest test concentration at whittte observed effectare statistically different
from the controlWhen LOECs and NOECs are usatlaximum Acceptable Toxicant
Concentration (MATC) igalculated which isthe geometric mean of the NOEC and LOEC.

Regression analysis was ugedharacteriza concentratioeffect relationship antb
estimateconcentrations at whiothronic effecs areexpected to occuForthecalculation of

chronic criteron, point estimates were selected for asehe measurd effectin favor of
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MATCs, asMATCs are highly dependent ohdconcentrationgested Point estimateslso

provide additional information that is difficult to determinggh anMATC, such as a measure of
effect level acrosarange of tested concentratg Chronic toxicity data that met the test
acceptability and quality assurance/control criteriBiR A6 s 1 9 8 5for@a dedvatibn n e s
of freshwater and estuarine/marine criteria are presenigpgandix C andAppendix D,

respectively

Table 4. Summary of Assessment Endpoints and Measures of Effect Used in Criteria
Derivation.

Assessment Endpoints for the Aquatic

Community Measures of Effect

Survival growth,biomassand reproduction | Acute:LCsg, ECs

of fish and invertebratg$reshwater and Chronic:ECy, MATC (only used when an BEg
estuarine/marine) could not be calculated for the genus)

Maintenance and growth of aquatic plants
from standing crop or biomagseshwater LOEC, ECzo, EGso, ICs0, reduced growth rate, cell

. . viability, calculated MATC
and estuarine/marine)

MATC = Maximum acceptable toxicant concentration (geometric mean of NOEC and LOEC)
NOEC = No observed effect concentration

LOEC = Lowest observed effect concentration

LCso = Lethal concentration to 50% of the test population

EGs/EC, = Effect concentration to 50%/20% of the test population

ICso = Concentration of cadmium at whisbme effects inhibited 50% compared to control organism

Use of data fronchronic tests withHyalella azteca

The use oH. aztecadata for criteria derivation has creattuncertainty due to issues
with culture and testing conditions. Laboratory evidence indicates that sufficient levels of
bromide and chloride are required for maintaineglthyH. aztecacultures, which are
important to accurately charactang the toxicity of pollutants tél. aztecgU.S. EPA 2008).

In response to this concern, edthaztecaacute and chronic toxicity testasevaluatedwith the
acceptability criteria recommended by U.S. EPA (2GAPpendix K). These criteria address
the minimum levels of bromide and chloride in dilution watdong with other factors such as

theuse of a substrate @minimum survival of contrdio characterizéest acceptability.
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2.7 Analysis Plan

During CWA8304(a) criteria development, EPA reviews and considers all relevant
toxicity test data. Information available for all relevapéecies andenera are reviewed to
identify: 1) data from acceptable tests that meet data quality standards; and 2) whether the
acceptable data meet the minimum data requirements (MDRs) as outllbddAd s 198 5
Guidelineg(Stephan et al. 1985; U.S. EPA 1986a). Thxa t@presenteby the different MDR
groupsrepresentaxa withdifferent ecological, trophic, taxonomic and functiodaracteristics
in aquatic ecosystemandareintended tdoe a representativaibset of theliversitywithin a
typical aquatic community

For this cadmium criteria update, the MDéRsscribed irSection2.6 are metandcriteria
values are developed for acute and chronic freshwater and acute and chronic estuarine/marine
speciesTable 5 provides asummary of théhyla, FamiliesGenera and Species for which
toxicity data are available and thatre used téulfill the MDRs for calculation of acute and
chronic criteria for both freshwater and estuarine/marine organisms. A relatively large number of
tests from acceptable studidsaguatic algae and vascular plants are also available for possible
derivation of a Final Plant Value. However, the relative sensitivity of fresh and estuarine/marine
algae and plants to cadmiudppendix E andAppendix F) is less thamquaticvertebrates and
invertebrates so plant criteria are not developed.
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Table5. Summary Tabl e of

Acceptabl e

and Count of Phyla, Families, Genera and Species

Toxicity

Dat a

Ut uti al eMe ente stot

Family Minimum Data Requirement (Freshwater)

Acute
(Phylum / Family / Genus)

Chronic
(Phylum / Family / Genus)

Family Salmonidae in the class Osteichthyes

Chordata / Salmonidae / Oncorhynchus

Chordata / Salmonidae / Oncorhynchu

Second family in the class Osteichthyes

Chordata / Catostomidae / Catostomus

Chordata / Catostomidae / Catostomu

Third family in the phylum Chordata

Chordata / Ambystomatidae / Ambystoma

Chordata / Cyprinodontidae / Jordanel

Planktonic Crustacean

Arthropoda / Daphniidae / Daphnia

Arthropoda/ Daphniidae / Daphnia

Benthic Crustacean

Arthropoda / Cambaridae / Orconectes

Arthropoda / Hyalellidae / Hyalella

Insect

Arthropoda / Baetidae / Baetis

Arthropoda / Chironomidae / Chironom

Family in a phylum other than Arthropoda or Chordata

Mollusca / Unionidae / Lampsilis

Mollusca / Unionidae / Lampsilis

Family in any order of insect or any phylum not already represer

Annelida / Tubificidae / Tubifex

Annelida / Lumbriculidae / Lumbriculus

Family Minimum Data Requirement (Estuarine/Marine)

Acute
(Phylum / Family / Genus)

Chronic

Family in the phylum Chordata

Chordata / Fundulidae / Fundulus

(Phylum / Family / Genus)

Family in the phylum Chordata

Chordata / Salmonidae / Oncorhynchus

Either the Mysidae or Penaeidiaenily

Arthopoda / Mysidae / Americamysis

Arthopoda / Mysidae / Americamysis

Family in a phylum other than Arthropoda or Chordata

Mollusca / Mytilidae / Mytilus

Family in a phylum other than Chordata

Echinodermata / Strongylocentrotidagtfongylocentrotus

Family in a phylum other than Chordata

Echinodermata / Asteriidae / Asterias

Family in a phylum other than Chordata

Annelida / Capitellidae / Capitella

Any other family

Mollusca / Pectinidae / Argopecten

Dash €) indicatesrequirement not met.€., no acceptable data).

Freshwater Acute Freshwater Chronic Estuarine/Marine Acute Estuarine/Marine Chronic
Phylum Families | GMAVs | SMAVs Families GMCVs | SMCVs | Families | GMAVs | SMAVs | Families | GMCVs | SMCVs
Annelida 4 11 12 2 2 2 6 10 10 - - -
Arthropoda 18 22 32 3 4 6 30 37 44 1 1 2
Bryozoa 3 3 3 - - - - - - - - -
Chordata 15 27 35 8 11 16 14 14 16 - - -
Cnidaria 1 1 4 - - - 2 2 2 - - -
Echinodermata - - - - - - 3 3 4 - - -
Mollusca 4 9 13 3 3 9 12 17 - - -
Nematoda - - - - 1 1 1 - - -
Platyhelminthes 2 2 2 - - - - - - - -
Total 47 75 101 16 20 27 66 79 94 1 1 2
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2.7.1 Hardnessadjustment

The hardness adjustment is used as a surrbgat@s criteria revisiortio estimate the
effectof allionsonthe o xi ci ty of ¢ admi u mtate thaPwhénssufficiOn8 5
data are available to demonstrate that toxicity is related to a water quality characteristic, the
relationship should be tek into account using an analysis of covariance (Stephanl®g4).

As noted n the1985Guidelines the relationship between hardness tmedoxicity of metals in
freshwater is best described by a-log relationshipThe ratio of calcium and magnesium ions
influence the toxicity of cadmium anlde subsequent cadmium toxicibardness relationship,
especially since cadmium is known to behave like a calcium analog (Playle et al. 2993a).
analysis of covarianogas conducted to examine the relationshipveen hardnessnd

cadmium toxicityto freshwaer aquatic animals'he analysis of covariance was performed
separately for acute and chronic toxicity, using the R statistical pro@ixon(and Brown

1979 Neter and Wasserman 19RICore Tean2015.

Before conducting the analysis of covariarmerently availabletoxicity datawith
available hardness valuegre evaluated for each speciesiébermingf they wereusefulfor
characterizing the relationship between hardness and cadmium toxicity in fresilwat&985
Guidelinesdo not provide explit rulesregardingwhether datdor a particular specieme
useful, but they do emphasize the importance of having a range oftiastiieessalues for a
particular species. Since the publication of1B85 GuidelinesEPA has determined that in
order b meet the precondition for inclusion in the covariance model for defemtire hardness
relationship, a species should have definitive toxicity vawasdlable over a range of hardness
levels, such that the highest hardness is at least three timesvdst, and at least 100 mg/L
higher than the lowegt.S. EPA 2001)As such, EPA evaluated the cadmiutundsesper the
1985Guidelines conditiongrior to inclusionin the covariance model aedcludedstudies from
the analysisvhere only a single acutxicity value was available, or where multiple tests were
conducted at the same hardness. Exangflegcluded testsclude hosethat were conducted to
evaluate the effects of cadmium to a #i@wdness parameter, such as Na or K (e.g., Clifford
2009). h casesvherethe hardnessoxicity relationship for a particular specishighly
divergentbetween studieshen data from these studiwsreonly used when they were
specificallydesigned to investigate the effects of hardresgdwhenboththetoxicity and

hardness valugzovidedwere definitive (not greater than or less thatueg. For examplethe
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hardnesgoxicity relationshipfor the fathead minnows highly divergent from one lifstage to
another. Adult fatheaohinnow responseare highly corelated while fry responseare not, so
only tests conducted with adults were udgds( EPA 2001).

As noted above, this 26admium update evaluateeéfinitive toxicity values available
over aspecifiedrange of hardnedsvelsto developthe acute and chronic hardndesicity
relationshipsThis procedure was very similar to that useithe 2001 updatand the 2015 draft
cadmium criteriaexcept thaonly studie where the concentrations of cadmium was measured
were usedmultiple testsconducted at the same hardness level were excladddiata from the
same study were favored over highly divergent data from multiple studiepdstieular
species. In addition, Egand MATCvalues are used in the chronic slope for this effort, vasere
the 2001 update used only MATO%he data used to calculate the acute and chronic hardness
toxicity relationships are identified lppendix Table A-2 andAppendix Table C-2,
respectively.

An analysis of covariangeo evaluate theelationshipbetweematural log transformed
hardness andatural log transformedadmium toxicity to the tested speciesthe fist step
following data selectiorif the analysis of covarianamodeltermdescribingthe similarity of
hardness slopes among individual spesat statistically significant at an alpha of 0.05
(P>0.05) thenamodel with a singléardness slope is sitgtically equivalent to a model with
separate hardness slopes for each speaelsa pooled slope can be calculaidd pooled
hardnesslopeis then calculated using linear regression, iambnsideredhe best estimater
characterizinghe relationship between toxicity and hardness faeatspeciesThe results of
the acute and chronic hardness correction procedures are descfisetibim 3.1.1andSection

3.1.2 respectively, and individual species slopes are provid&dbie 6 andTable 8.

2.7.2 Acute criteri on

Acute criteria arelerived from the sensitivitgtistribution (SD) of genus mean acute
values (GMAVSs), alculated from species mean acute values (SMAVSs) for avadaiole
acceptablelata. SMAVs are calculated using the geometric mean for all acceptable toxicity tests
for a given species (e,@ll testsfor Daphnia magng If only one test is available, the SMAV is
that test value by defaulAs stated in the 1985 Guidelines, flalwroughmeasuredestdata are

normally given preference ovether test exposure typé<., renewal, static, unmeasuréaot) a
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specieswhen availableWhen relationshipsare apparent between ligage and sensitivity, only
values for the most sensitive lifgageareconsidered.

GMAVs are calculated using the geometric means afadtlulatedSMAVs within a
given genus (e.gall SMAVs for genuPaphniai includingDaphnia pulex, Daphnia magha
If only one SMAV is available for genus, then the GMAYV is represented by that value.
GMAVs derived for each of thgeneraare then rardordered by sensitivityfrom most (Rank 1)
to least sensitive (Rari¥).

Acutefreshwater ané@stuarinmarinecriteria arebasedn the Final Acute Value
(FAV). The FAV isdetermined byirst orderingthe GMAVs by rankfrom mostto least
sensitivefor regression analysi$he regression analysis typicallydriven bythe four most
sensitive genera in theensitivitydistribution based on the needitderpolat or extrapolat (as
appropriate) to the'5percentile of the distribution represented by the tested gdseaof a
sensitivity distribution where the criteria values are based on the four most sensitive taxa in a
triangular distribution represesd censored statistical approach that improves estimation of the
lower tail when the shape of the whole distribution is wag® while accounting for the total
number of genera within the whole distributi@ncethereweremore tharb9 GMAVsin both
the freshwater and estuarine/marine cadmium atatesets, the four GMAVs closest to tfe 5
percentile of the distributiowereused to calculate the FA¥onsistent with procedures
described in the 1985 Guidelindheacute criteriondefined as th€riterion Maximum
Concentratio (CMC), is thencalculatedoy dividing the FAVby two, which is intended to
provide an acute dgrion protective of nearly all individuals thedistribution (Stephan et al.
1985) the FAV/2 approach was developed to estimate minimal effect lethelse which
approximatecontrol mortalitylimits, and isbased ortheanalysis of 219 acute toxicitgstsfor a
range of chemicals, as described infeeeral Registeon May 18, 1978 (43 FR 215068).

2.7.3 Chronic criteri on

A chronic criterion igypically determined by one of two methodisMDRs are met with
acceptable chronic test dataailable for all eight familieghen the chronic critexcan be
derived using the same method as for the acute erigeniploying chronic values (e.g., &L
estimated from acceptable toxicity testhile this is the case for the freshwater cadmium

chronic dataset, acceptable chronic datnot available for all eight familiésr estuarine/
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marinespeciesForthe estuarine/marine chronic datasie¢ chronic criterionvastherefore
derived by determining an approprid@al Acute ChronicRatio (FACR).

The proceduresedto calculatean FACR involvesdividing an acute toxicity test value
by a fApair edo.Testsfor achémicahteeoasiderad pdired evhen they are
conducted by the same laboratomth the same test organism aniih the samalilution water
(seeStephan et all985. If there is a clear trend, tHACR may be the geometric mean of the
available ACRs, or an individuAlCR (or combination thedd), based orthe most sensitive
taxa.The Firal Chronic Value (FCVjor estarine/marine aquatic animalasobtained by
dividing the FAV by the FACRconsistent with procedures describe&attion IV.A ofStephan
et al. (1985)

Available chronic toxicity data for freshwater and estuarine/marine plants were reviewed
to determine whether plants are more sensitive to cadmium than freshwater and estuarine/marine
animals (seéppendix A, Appendix B, Appendix E andAppendix F). Plants weréound to be
less sensitive, and most casesat leastan order of magnitude less sensitive to cadmiugm t
other aquatic species. It was therefore not necessary to develop chronic criteria based on plant

toxicity values in this update.
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3 EFFECTS ANALYSES FOR AQUATIC ORGANISMS

The data used to update the acute and chronic criteria for cadmiurnoNected via
|l iterature sear ches ,astesdilfedidtbe EECTOX Os¥r Gdidet a b as e
Version 4.0 (seéhttp://cfpub.epa.gov/ecotox/blackbox/help/userhelps.d@EOTOX isan

extensive database of selected toxicity data for aquatic life, terrestrial plants, and wildlife created
and maintained by thd.S.EPA, Office of Research and Development, National Health and
Environmental Effects Research Laboratory's 4@wohtinent Ectogy Division (U.S. EPA
2007a).Thesearch of cadmium and cadmium compounds for this update includes data entered in
ECOTOX througDecember 2015

Newly acquired data weevaluatedor acceptability based aata quality guidelines given
in the1985 Guidknes (Stephan et al. 1935Selected dtaincluded in the 2001 cadmium criteria
werere-evaluatedor various reasons (e.g., divergent values for a species, hardness
normalization derivation, et¢.as part of the 2@lupdate as neededAll acute and chronic
toxicity data(seeAppendices Al) determined to be applicable and reliavkereused to
recalculate the CMC and the CGfonsistent with th&985 Guidelinesandasdescribed in the

following sections

3.1 Freshwater Toxicity to Aquatic Animals

3.1.1 Acute toxicity

Acceptable data on the acute effects of cadmium in freshwater are available for a total of
101speciesepresenting FgeneraAppendix Table A-1), the diversity of which satisfy the
eighttaxonomicMDRs specified in the 1985 Guidelind&nked GMAVs for cadmium in
freshwatebased on acute toxicigre identified inTable 7 and plotted irFigure 3. The

following sections detathe derivatiorof these GMAV summaries.

Hardnesscorrection

The hardness adjustment is used as a surrogate to estimefte¢hef primarily calcium
on the toxicity of cadmiumData to be used for the calculation of the hardness correction were
selectedhccording to procedures described®erction2.7.1 An analysis of covariance was then
performed using subset of thdatafrom Appendix A (each study used in the acute hardness
slopeis compiled inAppendix Table A-2) for the 13 species for which the appropriate data
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were availableasshownin Table 6. These includedightspecies used in the determination of
the acute toxicity hardness slope in the 2001 criteria document (U.S. EPA 206ivgareiv
species. For all3 species, the highebardness was at least three times the lowest, and the
highest hardness was at least 100 ngghater tha the lowestAppendix Table A-1). One
majordifference between this 2016 update and previous cadmium criteria docuimantiing
the 2015 draft criterias that only measured studies were evaluated for use in the acute toxicity
hardness slopén addition, forHydra circumcincta, Rphniapulex, Giironomusriparius, and
Daniorerio, only studies for which multiple tests were conducted across a hardness gradient
were usedConsistent with data quality criteria used for development of the 2001 AWQC for
cadmium andhsdiscussed irfsection2.7.], the datasaisedfor Pimephalegpromelasconsisted
of only tests conducted with adults. FE@aphniamagna the relationshigetween acute toxiti
and hardnesisad a very shallow slope and a large confidence interval (and large standard error),
indicating a poocorrelation.This outcome wasased on the poor correlation between hardness
and acute toxicity fob. magnaacross the various studigsccordingly,only the fiveD. magna
tests fromChapman et a[1980)were usedince the author specifically evaluated the effects of
hardness on thiess than 24r old neonates-inally, several data sources were eliminated from
further evaluation. Datliom gx tests byDavies et al. (1993)ere excluded because hardness was
manipulated wh magnesium instead of calciudgta fromtwo tests byDavies and Brinkman (1994b)
were excluded based on the a$atypical control waterjata fromthreetests byNiyogi et al.(2008
were excluded becauseter quality parameters in addition to hardnesse manipulatedjata from
Niyogi et al. (2004byvere excludedecauseheywereidentified as possible outlierand data from
studies by Hollis et al. (1999, 2000a¢re excluded because fish may have been fed

Based orthe final dataset used to calculate the acute hardnessasidp®nsistent with
the 1985 Guidelinesn analysis of covariance was performeddtermine if a single pooled
species slope would be acceptable. ThalBe of themodel term describing threlationship
between hardness and species®42 indicatingthat the individual species hardness slopes are
not significantly different from onanother, and that a single pooled slope couldateulated

The pooled slope for the ldgg relationship between hardness and acute toxicity was
0.9789 A list of the species and accompanying slopes used to estimate the final acute hardness
slope is povided inTable 6 and graphically illustrated iRigure 2.
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Table 6. Pooled and Individual Species Slopes Calculated for the Cadmium Acute Toxicity

vs. Hardness Relationship

Species n Slope R?Value | 95% Confidence Interval | df
Hydra circumcinctd 3 0.5363* 1.000 0.4706i 0.6020 1
Limnodrilius hoffmeisteri 2 0.7888 0
Villosa vibex 2 0.9286 0
Daphnia magn& 5 1.182* 0.915 0.51941.845 3
Daphnia pulek 7 0.9307 0.867 051131.350 5
Chironomus ripariug 2 0.4571 0
Oncorhynchus mykiss 28 0.9475% 0.681 0.68621.209 26
Salmo trutta 6 1.256* 0.900 0.67621.837 4
Carassius auratus 2 1588 0
Danio rerio® 2 0.9270 0
Pimephales promelas 13 1814 0475 0.54943.078 11
Lepomiscyanellus 2 04220 0
Lepomis macrochirus 6 0.8548* 0.955 0.59751.112 4
Final PooledModel | 80 | 00978%# | 0971 | 0.79071.167 66

Species highlighted in bold are new for #@6updated hardness slope.
* Slope is significantlydifferent than 0 (p<0.05)
# Individual species slopes not significantly differentqpt2

al 3 tests from Clifford (2009) at different hardness levels where hardness was manipulated
b1 Following the procedure described in the 2001 AWd@Cument, used 5 tests from Chapman

al. (Manuscript) performed at different hardness levels.

c1 7 tests from Clifford (2009); Clifford and McGeer (2010) at different hardness levels where

hardness was manipulated as Ca.

di 2 tests from Gillis anéiVood (2008) at different hardness levels.
el Excluded 6 tests from Davies et al. (1993) where hardness manipulated as Mg; excluded
from Davies and Brinkman (1994b) because of atypical control water; excluded 3 tests froi

Niyogi et al.(2008 that manipulated water quality parameters in addition to hardeedsded
possible outliergNiyogi et al. 2004b); excluded studies where the fish were possib{yHtelis

et al. 1999, 2000a).

f1 2 tests from McCarty et al. (1978) at differdardness levels.
g1 2 tests from Alsop and Wood (2011) at different hardness levels.
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Figure 2. SpeciesAcute HardnessSlopes.
Natural log transformed hardness and acute toxicity concentrations for each spedits calculate the
pooled acute hardness correction slope. Results of individual regression lines are shaivie 6n

Summaries of studies used in acute criterion determination

The 2016 update includeacute toxicity data for 66 invertebragpecies33fish species
one salamander species, and one $periesfor a total ofl01species grouped inftb genera
Of the75 Genus Mean Acut¥alues (GMAV)in the updated datas@&8 genera have new data
(Table 7 andAppendix A). The most sensitive genus is the f&alvelinusvith aGMAV of
4.190pg/L (normalized to a total hardness of 100 mg/L as GACIDie most sensitive
invertebrategenuss represented by the amphipidglalella aztecawith the seventh most
sensitivenormalized GMAVof 23.00ug/L. As noted inTable 7, if the SMAVs for a genus
differ by greater than a factor of 10, then the most sensitive Ss)48/used in th&&MAV

calculation.This differerce was primarily due to the sensitivity between the life stage tested for
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each species amdasapplied to the GMAYV calculation f@alvelinus PtychocheilusPhysaand
OrconectesThis approach ensures that the most sensitive effect lav&dsfor eaclyenus.

The pooled slope @.9789was used tmormalizethe freshwater acute values in
Appendix A to ahardness = 100 mg/L CaG(xcept where it was not possible because no
hardneswaluewas reportedr a value could not be estimat&MAVswere calculated as
geometric means of thrmalizedacute values. Only the underlined 4gCCso valuesshown in
Appendix A were used to calculate tiVIAVs for each species

The SMAVs for freshwater invertebrates ranged f28r00ug/L total cadmium for the
amphipodH. aztecato>152301 ug/L total cadmium for the midg€&hironomus ripariusOf
the fish species tested, tre@nbow trout,Oncorhynchus mykiskad the lowest SMAV 08.727
Mg/L total cadmium, and the tilapi@®reochromis niloticushadthe highest SMAV 066,720
Mg/L total cadmium. As indicated by the data, both invertebrate and fish species display a wide
range of sensitivities to cadmium.

Fish species represethe six mostacutelysensitive genera to cadmiuable 7), and
salmonids $almq SalvelinusOncorhynchusndProsopiunm representour of thesix most
sensitive fish generdhe mostsensitive genussalvelinusa vertebrate genuss, overl1,700
times more sensitive than the most resis@@httonomus an invertebrate genus

The second throudfifth most sensitive genera (out of a totalr6f were used in the
computation of the Final Acute Value (FAV). Atated above, whenever there are 5éhore
GMAVs in the acute criteria dataset, the FAV is calculated using the four GMAVSs closest to the
5™ percentile of the distribution. The distribution of ranked freshwater GMAVs for cadmium is
depicted inFigure 3 and is expressed as normalized total cadn{geaSection4.3.]).

The fourtaxaand hardnessormalized associated endpoint (GMAV) used in calculating
the acute criterionsensitivity rank 25) are rankedbelow from most to least sensitive:

2. Cottus(GMAV=4.411ug/L total Cd)

3. Salmo trutta Brown trout(GMAV=5.642ug/L total Cd)

4. Morone saxatilis Striped bas6§GMAV=5.931ug/L total Cd)

5. OncorhynchugGMAV=6.141ug/L total Cd)

The most sensitive genusalvelinugGMAYV of 4.190ug/L total cadmium)represented
by brook trout datais not included in the criteria numeric calculatlmtause & rankfalls
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below the5™ percentilein the distribution of7’5genera included in the datagsteSection

2.7.2. Becausehtere is agreater thari0-fold difference in SMAVs for the genuspnsistent

with the 1985 Guidelinegnly themost sensitive SMAV is used in the calculation. Therefore,
only bulltrout, and not brook trout, was used to determine GMA\S&velinusThe calculated
FAV for Salvelinugs5.733¢s g/ L t ot aHowevtes despiteuthBalvelinuggenus ranking
as the most sensitive taxa for the freshwater acute da®@VIikV is greaer than the
commercially and recreationally important rainbow trédm¢orhyncus myki3SMAV (Table

7). Therainbow trout SMAVis alsolower than thecalculated FAV and the SMAVsfor

cutthroat troutbrown trout bull trout andshorthead and mottled sculpifhus, &
recommended by the 1985 Guidelines, the freshwater FAV for total cadshaing lowered to
protect the commercially and recreatiogathportant rainbow trout, resulting in an FAV of
3.727¢ ¢ /atla hardness of 100 mg/Becauseaainbowtrout was the most sensitive salmonid
specis testeqand lowest SMAV in the acute datasét)s lowered value is alsexpected to be
protective of althe salmonid species forhich toxicity data are availahlandother sensitive
fish speciess well Summaries are provided below for the individual species or genera (in cases
where more than one species is included in the calculatitve 6GGMAV) used to calculate the

freshwater FAVAIl values are provided in terms of total cadmium.

Cottus

Two species of sculpirGottus bairdiiandCottus confusysare used to derive the
normalized GMAV of4.411ug Cd/L, thesecond most sensitive genin the acute dataseind
thelowest of the four GMAVSs used to calculate the FA\aljle 7). Besser et al. (2006, 2007)
andBrinkman and Vieira (200®xposed fry ofC. bairdii to flow-through measured conditions
to yield normalized 9 LCsos ranging fron2.817to >65.08ug/L, with the SMAVof 4.418
pg/L cadmium.TheC. confususormalized SMAV o#4.404ug/L cadmium is based on the

staticrenewal measureest resulteportedoy Mebane et al. (2012)

Salmo trutta

The hardnessormalized SMAV/GMAYV o0f5.642ug/L total cadmium for the brown
trout is based on the geometric mean of fivenB&Cses as reported by Davies and Brinkman
(1994c), Brinkman and Hansen (2004a, 2007) Studbblefield (1990Q)All tests were flow
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through measured exposures and used dileeiingerling or fry life stagéseeAppendix Table
A-1). The GMAYV for the brown trous thethird lowest in the acute dataset

Morone saxatilis

Two acceptable acute values from one study (Palawski et al. 1985) were used to calculate
thehardnessiormalizedSMAV/GMAV for the striped bassylorone saxatilisThe 63day old
fish were exposed in static, unmeasured chambers at two different test hbadeleq40 and
285 mg/L as CaCg). The GMAYV for the species B931ug/L total cadmium and thefourth
lowest in the acute dataset

Oncorhynchus
ThehardnessiormalizedGMAYV of 6.141ug/L total cadmium for the genus

Oncorhynchuss the fifth lowest in the acute dataset, andakulated from SMAVs of four
different species (cutthroat tro@ncorhynchus clarkiicoho salmonQ. kisutch rainbow trout,
O mykiss Chinook salmonQ. tshawytschia Oncorhynchuss one of the most widelgsted
genera in the freshwater acute datasktut the cutthroat trout areisted speciesHardness
normalized SMAVSs range fro®.727to 11.88ug/L total cadmiumTable 7) and are composed
of anywhere from oned. kisutch to 30 (O. mykis¥ acute valuesAppendix Table A-1). As
noted above, despi@ncorhynchusanking as the fifth most sensitive genus to acute cadmium
exposure, the SMAYV for theommercially and recreationally important rainbow trepecies
(3727¢e g/ L at a h ar)dsnhe sasis far the atuleCritefd)V/, dsrecanmended
by the 1985 GuidelinefRainbow trout was the most sensitive species tettiad the use of the
rainbow trout SMAV as the basis for the acute criterixpectedo beprotective of all
salmonid species and all other sensitive spdoieshich toxicity data are available

As noted in the 1985 Guidelines, acute values that appear to be questionable in
comparison with other acute data for the same species aotthéorspecies in the same genus
probably should not be usedthe calculation of a SMAVConsistent with the 1985 Guidelines,
several values were identified as outliers and removed frof@riberhynchusnykissdataset
Values from Hollis (1999, 2000ap@rmalizedLCsp of 15.82 and 1@0¢ g [ réspectively) and
Niyogi (2004) qormalizedLCsp of 15.89¢ g J were not used in the SMAYV calculation for
rainbow trout because cadmium nitrate salts were, asedfor salmonidgests with cadmium

nitrateaveragedhreeto four times higher than tests with chloride or sulfate, the dominant forms
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of cadmium in surface watehcute values for Davies (1993) with high test water hardness
(>400 mg/L) were also removed from the SMAV calculation because magnasinewas used
to adjustthe testhardnessvhichis not reflective of conditions in most water bodies where
calcium is the dominant mineral influencing water hardiiess the acute values were lower
than expected)/alues for insensitive life stages were alsb msed foichinook salmon and
rainbow trout SMAV calculations becaudata were availablidnat demonstrated clebifie stage
sensitivity differencesFor chinook salmon, insensitive parr and smoklmalizedLCs, valuesof
14.75¢ g farid >12.2Z g /rdspectivelywere not used in the SMAV calculation, while the
normalizedLCsg values for juveniles(5.477¢ g J abd swimup fry (7.586¢ g J wereretained
from the Chapman study (197&imilarly from Chapman (1978insensitive smolt and alevin
rainbow toutnormalizedLCsp valuesof >12.22¢ g /arld >113.& g /réspectivelywere not
used while thenormalizedLCsp valuesfor swimrup fry (5.47% gjJalnd parr Wwete. 214 ¢
retained for calculation of the SMAAppendix Table A-1).

Table 7. Ranked Freshwater GMAVSs.
(Note: All data adjusted to a total hardness of 100 mg/L as g¢af@Dexpressed as total cadmium).
(Values in bold are new/reviseta since the 2001 AWQC)

GMAV SMAV
Rank?® (ug/L total) Species (ug/L total)
5 49,052 '(\:AL?S)%omus plumosus 15,798
i i '(\:AL?S)%omus riparius >152,301
74 30,781 g;gmgg g::gi’o 30,781
3 26,837 girlgotgﬁfci)?r’limiloticus 66,720
i i g?ezgcrﬂlr)(i)?rlljii trirll"zl)zisaa,lmbica 10,795
2 26,607 gg:grzi)?:glelum lacteum 26,607
1 22,138 l\RArz?i)t/::?ggena hageni 22,138
70 20,132 g'\f\t/':l tg;esg_ stonefly, >20,132
69 12100 | G2k Gt 12100
68 11,627 g:?ﬁ:r:ﬁf;es,owerbyi 11,627
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GMAV SMAV
Rank?® (ug/L total) Species (ug/L total)

67 11,171 Oligochaete, 11,171
Rhyacodrilus montana

66 11,045 Threespine stickleback, 11,045
Gasterosteus aculeatus

65 9.917 Channel catfish, 9.917
Ictalurus punctatus

64 9,752 Oligochaete, 9,752
Stylodrilus heringianus
Mayfly,

63 7,798 Hexagenia rigida 7,798

62 7,752 Green sunfish, 6,276
Lepomis cyanellus

i i Blueglll_, _ 9.574
Lepomis macrochirus

61 7,716 Red shiner, 7,716
Cyprinella lutrensis

60 7,037 Oligochaete, 6,206
Spirosperma ferox
Oligochaete,

i i Spirosperma nikolskyi 7,979
Yellow perch,

59 6,808 Perca flavescens 6,808
Earthworm,

58 6,738 Varichaetadrilus pacificus 6,738

57 5.047 White sucker, ) 5.047
Catostomus commersonii
Oligochaete,

56 5674 Quistadrilus multisetosus 5674
Flagfish,

55 5,583 Jordanella floridae 5,583

54 4,929 Guppy, 4,929
Poecilia reticulata

53 4,467 Maytly, . 4,467
Ephemerella subvaria
Tubificid worm,

52 4193 Tubifex tubifex 4,193

51 3,350 Amphipod, " 3,350
Crangonyxpseudogracilis

50 3,121 Copepod, . 3,121
Diaptomus forbesi

49 2,967 Zebrafish, 2,967
Danio rerio
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GMAV SMAV
Rank?® (ug/L total) Species (ug/L total)
African clawed frog,
48 2,231 Xenopus laevis 2,231
Crayfish,
a7 1,983 Procambarus acutus 812.8
Crayfish,
) ) Procambarus alleni 6,592
Red swamgrayfish,
- - Procambarus clarkii 1,455
46 1,656 Goldish, 1,656
Carassius auratus
Caddisfly,
45 >1,637 Arctopsyche sp. >1,637
Oligochaete,
44 1,593 Limnodrilus hoffmeisteri 1,593
Fathead minnow,
43 1,582 Pimephales promelas 1,582
42 1,023 Northwesterrsala_mander, 1,023
Ambystoma gracile
Isopod,
41 983.8 Caecidotea bicrenata 983.8
Snail,
40 >808.4 Gyraulus sp. >808.4
Lake whitefish,

39 651.3 Coregonus clupeaformis 651.3
38 539.7 Bryozoa, . 539.7
Plumatella emarginata
37 501.7 Cladoceran, 501.7

Alona affinis
36 453.0 Cyclopoid copepod, 453.0
Cyclops varicans
Pond snail,
35 427.9 Lymnaea stagnalis 427.9
Planarian,
34 410.4 Dugesia dorotocephala 410.4
33 3925 Leech, 3925
Glossiphonia complanata
Mayfly,

32 350.4 Baetis tricaudatus 350.4
31 346.6 Bryozoa, N 346.6
Pectinatella magnifica
30 275.0 Worm, 275.0

Lumbriculus variegatus
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GMAV SMAV
Rank?® (ug/L total) Species (ug/L total)

Snail,

29 208.0 Physa acuta 2,152

i i Pouch snayl, 208.0
Physa gyrina

28 204.1 Snall, 204.1
Aplexa hypnorum

27 154.3 Amphipod, . 154.3
Gammarus pseudolimnaeus
Worm,

26 1455 Nais elinguis 1455
Hydra,

25 1201 Hydra circumcincta 184.8
Hydra

i i Hydra oligactis 154.8
Green hydra,

i i Hydra viridissima 38.85
Hydra,

i i Hydra vulgaris 187.1
Cladoceran,

24 1031 Diaphanosoma brachyurum 1031

23 99.54 Isopod, 99.54
Lirceusalabamae
Crayfish,

22 94.67 Orconectes immunis >22,579
Crayfish,

i i Orconectes juvenilis 134.0
Crayfish,

i i Orconectes placidus 66.89

i i Crayfish, o 22.800
Orconectes virilis

21 86.51 Cladoceran, 86.51
Moina macrocopa
Bonytail,

20 80.38 Gila elegans (LS) 80.38
Razorback sucker,

19 76.02 Xyrauchen texanus (LS) 76.02
Bryozoa,

18 74.28 Lophopodella carteri 74.28
Cladoceran,

17 7367 Ceriodaphnia dubia 64.03

i i Cladoceran, 84.76

Ceriodaphnia reticulata
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GMAV SMAV
Rank? (ug/L total) Species (ug/L total)

Mussel,

16 71.76 Utterbackiaimbecillis 71.76

15 70.76 Sputhem rainbow mussel, 70.76
Villosa vibex

14 68.51 Mussel, 68.51

: Lasmigona subviridis '

13 67.90 Mussel, 67.90
Actinonaias pectorosa
Cladoceran,

12 61.42 Daphnia ambigua 24.81
Cladoceran,

) ) Daphnia magna 40.62
Cladoceran,

) ) Daphnia pulex e
Cladoceran,

) ) Daphnia similis 129.3

11 57.71 Cladoceran, 57.71
Simocephalus serrulatus
Neosho mucket,

10 51.34 Lampsilis rafinesqueana (LS) 44.67
Fatmucket,

i i Lampsilis siliquoidea 35.73
Southern fatmucket,

- - . ; . . 93.17
Lampsilis straminea claibornensis

i i YeIIow_s_andsheII, 2671
Lampsilis teres
Colorado pikeminnow,

9 46.79 Ptychocheilus lucius (LS) 46.79

i i Northern p_|kem|nnow, _ 4.26%
Ptychocheilus oregonensis
White sturgeon,

8 <33.78 Acipenser transmontanykS) <33.78
Amphipod,

7 23.00 Hyalella azteca 23.00

6 >15.72 Mounta_m wh|_te_f|sh, _ >15.72
Prosopium williamsoni
Cutthroat trout,

5 6.141 Oncorhynchus clarkii 5401
Coho salmon,

i i Oncorhynchus kisutch (LS) 11.88

i i Rainbow trout, 3727

Oncorhynchus mykigkS)
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GMAV SMAV
Rank?® (ug/L total) Species (ug/L total)

i i Chinook salmon, 5 949
Oncorhynchus tshawytscha (LS) '

4 5.931 Striped bass, 5.931
Morone saxatilis
Brown trout,

3 5.642 Salmo trutta 5.642
Mottled sculpin,

2 4411 Cottus bairdi 4418
Shorthead sculpin,

) ) Cottus confusus 4.404
Bull trout,

1 4.190 Salvelinus confluentus 4.190
Brook trout,

i i Salvelinus fontinalis (LS) 3,058

#Ranked fromeastto most sensitive based on Genus MAante Value.

® There is a 1dold differencén SMAVs for the genus, only most sensitive SMAV is used in the calculation
Therefore, aly bull trout and not brook troutyas used to determine GMAV f&alvelinus

[The following species were not included in the Ranked GMAYV Table because hardisess reported and

therefore toxicity values could not be normalizedhe standard total hardness of 100 mg/L as GalC&&ch,

Nephelopsis obscur&rayfish,Orconectes limosy$rawn,Macrobrachium rosenbergiMayfly, Drunella grandis

grandis Stonefly,Pteronarcella badiaMidge, Culicoides furensGrass carpCtenopharyngodon idellus

LS= Federallylisted species
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Summary of Ranked Cadmium GMAVSs
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Figure 3. Ranked Freshwater Cadmium GMAVS.

3.1.2 Chronic toxicity

Acceptable data on thahroniceffects d cadmium in freshwater are available gt
speciesgrouped into 20 gene(@ppendix C). As with the freshwater cadmium acute dataset
the diversity ofspecies representing the chronic dataaasfy the eighMDRs specified in the
1985Guidelines and regression analysis wasgrefore used to derive the new freshwater CCC.
This is in contrast to thecutechronic ratio methodology, whiatan beused when the MDRs
are not metRanked GM s for cadmium in freskwvater based on chronic toxicigye identified
in Table 9 and plotted irFigure 5. The following sections detail the derivation of thEddCV

summaries.
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Hardnesscorrection

Following theproceduresiescribed irbection2.7.1, an analysis of covariance was
applied to the data iAppendix C (each study used in the chronic hardness slope derivation
compiled inAppendix Table C-2) to calculate the chronic hardness correction stopgour
speciegDaphnia magnaOncorhynchus mykisSalmo truttaandSalvelinus fontinalis(Table
8). Two of thefour species@. mykissandS. fontinali§ were not included in the 2001 AWQC
datasetAlthough included in the 2A0revision data forP. promelasvere not usedbr the
hardnesgorrection slope ithe 2016 update becaus® EC, valuesand only MATCs were
available for these testSor D. magna bothEC,o valuesand MATCs were availabldut the
EC,o valuesfrom multiple studiesveretoo divergentThereforethe samehree MATC values
from Chapman et al. (Manuscript) used in the 2001 revision were retained?ilibepdate so
that an invertebrate species could be included in the calculation of the chronic cadmium toxicity
hardness slopdhe acceptable data for rami troutwerelimited to data fronBrown et al.
(1999, Davies and Brinkman (1994iBesser et al2007), andMebane et al2008. Rainbow
trout data from Davies et al. (1993) were not included, as differences in toxicity due to different
levels of hardness were attributed entirely to magnesium amendments.

Using the final dataset to calculate the chronic cadmium toxicitgnesslope, an
analysis of covariance test was performed to determine whether a single pooled species slope
was acceptable for use in the criteria derivation. Talie of the resultingelationship
between hardness and individual species slopes Wasdicating that individual species
hardness slopes were not significantly different from one another, and that a single pooled slope
could be usedl'he pooled slopéor the loglog relationship between hardness and chronic
toxicity was0.7977. A list of the pecies anéccompanying slopassed to estimate ttmal
chronichardness slope is providedTiable 8 and graphically illustrated iRigure 4.
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Table 8. Pooled and Individual Species Slopes Calculated for the Cadmium Chronic

Toxicity vs. Hardness Relationship
95% Confidence
Species n Slope | R?Value Interval df
Daphnia magna 3 0.7712 0.962 -1.1662.709 1
Oncorhynchus mykiss 6 0.4602* 0.705 0.047120.8732 4
Salmo trutta 6 1.329* 0.765 0.30722.350 4
Salvelinus fontinalis 3 1.078 0.862 -4.4066.563 1
Final Model | 18 | 07977# | 0841 | 0.43341.162 | 13

Species highlighted in bold are new relative to the 2001 AWQC hardness slope estimation

* Slope is significantly different than 0 (p<0.05)

# Individual species slopes not significantly different (4.

4Includes 3 MATCs from Chapman et @lanuscrip}.

®Includes mevaluefrom Brown et al. (1994 fwo values from Davies and Brinkman (1994ine
valuefrom Besser et al. (2007) and two from Mebane et al. (2@&)Juded 3 values from Davie
etal. (1993) because hardness was manipulated using magnesium.

4
® O. mykiss

3 - O S.trutta
- v S. fontinalis
S 5 | A D.magna o
g =
Pan)
O 1 -
X
= .
© 0 v
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o O
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Figure 4. SpeciesChronic HardnessSlopes.
Natural log transformed hardness and chronic toxicity concentrations for each species used to calculate
the pooled chronic hardness correction slope. Results of individual regression lines are Sralle &
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Summaries of studies used chronic freshwater criterion determination

Of the 20 Genus Mean Chronic Values (GMCYV) in tipelatedchronic criteria dataset,
four of the genera included previously in the 2001 update have new data. A new species in the
updateddataset, mottled sculpil©( bairdii) now represents the most sensitive fish species and
the third most sensitivgenus in the distribution with a GMCVE470ug/L (total cadmium and
normalized to a total hardness of 100 mg/L as CACIhie most sensitive invertebrate is the
amphipodHyalella aztecawith a normalized GMCV $8.7453ug/L (based on thé2-day
reproductiorendpoint) There are sufficient data tolfill the requirements to calculatechronic
freshwateircriterion using the species sensitivity distribution (SD) method. Acceptable data on
the chronic effects of cadmium on freshwater animals incladgpécies of invertebrates an@ 1
species of fish gruped into 20 generdéble 9). Six new species include the oligochaete
(Lumbriculus variegatys thefatmucket(Lampsilis siliquoideg the snail (ymnaea stagnal)s
the Rio Grande cutthroat trou®d( clarkii virginalis), the mottled sculpin €. bairdii) and the
cladoceranCeriodaphnia reticulata All of the toxicity values and SMCVs derived are
tabulated and included #ppendix C. The first through fourth most sensitigenergout of a
total of20) were used in #ncomputation of the Final Chronic Value §¢CGand are ranked
below from mosto least sensitive:

1. Hyalella aztecaAmphipod (GMCV=0.7453ug/L total Cd)

2. Ceriodaphnia Cladoceran (GME=1.293ug/L total Cd)

3. Cottus bairdii,Mottled sculpin(GMCV=1.470ug/L total Cd)

4. Chironomudilutus Midge (GMCV=2.000ug/L total Cd)

The resulting calculated FCV@%7945¢ g/ L t ot aSumntaided and puownided
below for the individual species or genera (in cases where more than one species is included in
the calculation of the GRIV) used to calculate the freshwater FQ\. valuesare provided in

terms of total cadmium.

Hyalella azteca

One fulHlife cycle study satisfied the acceptability criteria fbraztecalngersoll and
Kemble 2001) based arcentlyrecommended culture and control conditiomkich were also
used in the 2018mmonia criterigseeAppendix K). H. aztecavere exposed under flow

through measured conditions (control, low, middle and high exposures) anaengperature of
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23°C and a total hardness of 280 mg/L as Ca@3-mm nylon mesh substrate was provided

during the test. The seveto eightday old amphipods were exposed to water only mean total
cadmium concentrations of 0.10 (control), 0.12, 0.32,10,, 1.9 and 3.2 e€g/L fo
water used for this test (USGS Columbia Lab well water) is acceptalie &atecastudies

(around 25 mg CI/L and 0.08 mg Br/L). For this study, mbthweight(measured by scalend

length data wertaken as meases of growthand there are differences in the growferred by
thesetwo measuresThrough direct consultation with the study authors, it was determined that at
the time this study was conducted length provided a more accurate and reliable measure of
growth than the direct measure of weight. This was based largely on the small sizes of the
organisms and limitations in the accuracy of the scales at the time the study was comdiscted.
same laboratory has developed a robust empnetationship betweeamphipodengthand

weight, which has been used in multiple peer reviewed publications (Besser et al. 2013, 2015a,b;
Ivey and Ingersoll 2018{emble et al. 2013Applying this formula, the 28l average control

length of 4.37 mm represts an average diyeight of 0.434ng and the 421 average control

length of4.67mm translateto an average dry weight of 0.58%). These weight values are

above the minimum control performance values listedijgpendix K and in ASTM (2005)In

addition, the average control reproduction (goting/female) also met minimum performance
values. Although the feeding rate used in this test was below that recommenided#i@ca
exposures lasting longer than 10 days, the finding that control organisms met performance
criteria applied in tests usirghigher feeding rate supports retaining these data for use in

deriving AWQC. The most sensitive endpoint from this test wasoduction; the reprodtion
ECy for this test isl.695¢ g /o0t0,7453e g/ L when normali zed to a tof
as CaCQ H. aztecas now the most chronically sensitive genus indatsetwith a hardness
normalized SMCV/GMCV 00.7453¢ d./Table 9). This value is aevisionto the 42day

MATC of 0.9844 ug/Lthat was previously used in the 2001 AWQC cadmium docu(seat

Section5.2.1for additional discussioan suitability of chronidyalella studies)

Ceriodaphnia dubia

An acceptabl€. dubiasevenday statierenewal toxicity test was conducted by Jop et al.
(1995) usng reconstituted soft laboratory water. The 424ld neonates were exposed to 1, 5,
10, 19 and 41 e€g/L measured cadmium concentr a
25AC. The NOEC and LOEC were 10 armesllind9 g/ L c
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chronicval ue of 13. 78 gogauldnotcha chloulatedith theAnformatiGn
provided for this testSimilarly, bothSpehar and Fiand1986 andBrooks et al(2004) lacked
thedetaik necessaryo calculate Eggs. MATCs for these ¢ésts were reported 2120 and 1.93
€ g fotal cadmium, respectivelZhronic values for theshreestudies ranggfrom 1.264to
49.75¢ g/ L t ot avhen moemadlizad to mtotal hardness of 100 mg/L as GaCO

Researchers at Southwest Texas State University (2000) also evaluated the chronic

toxicity of cadmium taC. dubia Five replicate tests were conducted using statiewal

exposures and laboratory reconstituted hard water at a hardness of 270 mg/lLossvehitgr for

the five cadmium concentratiorfor reproductonNOECs r anged from 1.

LOECs from 2.391 to 9.934 g/ L, and the
Reproductive Egs forthesetests were very similar to the MATCs, arhged from 1.341 to
6. 129 ¢ g/ adt27@ragd hardness/hich is equivalent t0.6071to 2.775¢ g Mwihen
normalized to a total hardness of 100 mg/L as CAaBO EG could not be estimated f@.
reticulata(Table 9), and data from this studyerenot used in the GMCV calculatiofhe
resultanthardnessiormalizedSMCV and GMCYV for this species1s293e g/ L, and
second most sensitivemes in the chronic dadat

Cottus bairdii

Besser et al. (2007) evaluated the chronic toxicity of cadmium to the mottled sculpin,

(Cottus bairdi), via a 28day flowrthroughmeasureaoncentratiorearly life stage (ELS) test.

Swim-up fry were exposed tiove cadmium concentrations diluted with a well water/reverse

osmosis treated water mixture (103 mg/L average total hardi@asgval, growth and biomass

wereevaluated atest terminationSurvival was the most sensitive endpoint witi@EC,

LOECand MATCof1. 4, 2.6 and 1.91 eg9g/ L c ahdrdness m,

073 1

MATCs

s th

respe

normalized28-daysurvival EGpof1.721e g/ L cadmi um i s v eatthetssi mi | ar

hardness of 103 mg/The authors also conducte@dayELS test wih the mottled sdpin
using the same dilution water, and observed a more sergitiviwal effect concentration of

0.8758¢ g/ L c dodtheiMATC, and an estimatéfC,o0f 1.285¢ g/ L ¢ aBdthtests m

were used to calculate a SMEMMCV of 1.470¢ g /cddmium and rank<ottusas the third

most chronically sensitive genus to cadmium.
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Chironomudilutus

Ingersoll and Kemble (2001) exposed the mi@ggronomudilutusto cadmium under
the same conditions listed above for the amphigodztecaexcept that a thin 5 . layer of
sand was provided as a substrate. Theht24ld larvae were exposed to watelly mean
measured total cadmium concentrations of 0.15 (control), 0.50, 1.5, 3.1, 9.8.4ndg / L
cadmiumfor 60 days. The mean weight, biomapsycent emergence and percent ha&day
NOEC and LOEC valuesr all endpoints weré.8 andl6.4e g/ L cadmi umlher espect
calculated Eggbased on percent hatch @@8t gdwhénd 8 e g/ L t
normalized to a total hardness of 18@/L as CaC@ and is the fourth most sensitive genus to

cadmium in the chronic dataset

Table 9. Ranked Freshwater GMCVs.
(Note: All data adjusted to a total hardness of 100 mg/L as cadexpressed awtalcadmiun).
(Valuesin bold are new/revised data since the 2001 AWQC).

GMCV SMCV
Rank?® (ug/L total) Species (ug/L total)

20 3866 | Dlue tilapia, >38 66°
Oreochromis aureus
Oligochaete,

19 36.70 Aeolosoma headleyi 86.10
Bluegill,

18 1643 Lepomismacrochirus 16.43
Oligochaete,

17 15.16 Lumbriculus variegatus 15.16

16 14.22 Sr_nallmouth bass, . 1422
Micropterus dolomieu

15 14.17 Northern pike, 1417
Esox lucius

14 14.16 Fathead minnow, 14.16
Pimephales promelas

13 13.66 | White sucker, ) 1366°
Catostomus commersonii
Fatmucket,

12 1129 Lampsilis siliqguoidea 11.29

11 0,887 Pond snail, . 9.887
Lymnaea stagnalis
Flagfish,

10 8.723 Jordanella floridae 8.723
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GMCV SMCV
Rank?® (ug/L total) Species (ug/L total)

9 3.516 Snail, 3.516
Aplexa hypnorum
Atlantic salmon,

8 3.360 Salmo sala(LS) 2.389
Brown trout,

i i Salmo trutta 4.7125
Rio Grande cutthroat trout,

7 3.251 Oncorhynchus clarkii virginalis 3.543

i i Coho salmon, NAP
Oncorhynchus kisutcfLS)
Rainbow trout,

) ) Oncorhynchus mykig&S) 2192

i i Chinook salmon, 4.426
Oncorhynchus tshawytsckiiaS) '

6 2.356 Brooktrout, 2.356
Salvelinus fontinalis

i i Lake trout, NAP
Salvelinus nhamaycush
Cladoceran,

5 2.024 Daphnia magna 0.9150
Cladoceran,

i i Daphnia pulex 4.478
Midge,

4 2.000 Chironomus dilutus 2.000
Mottled sculpin,

3 1.470 Cottus bairdi 1.470
Cladoceran,

2 1.293 Ceriodaphnia dubia 1.293

i i Cladoceran, NAP
Ceriodaphnia reticulata

1 0.7453 | Amphipod, 0.7453
Hyalella azteca

2 Ranked from most resistant to most sensitive based on Genus Mean Chronic Value.

® Not included in the GMCV calculation because normalizeg, B&taareavailable for the genus.

¢ Calculated from the MATC and not E£but retained to avoid losing@MCV.

[The following species were not included in the Ranked GMé&ble because hardndsst conditions were not
reported and therefore toxicity values could not be normatizéite standard hardness of 100 mg/L as GACO
Mudsnail,Potamopyrgus antipodaruin

LS= Federallylisted species
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Summary of Ranked Cadmium GMCVs
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Figure 5. Ranked Freshwater Cadmium GMCVs

3.2 Estuarine Toxicity to Aquatic Animals

3.2.1 Acute toxicity

Acceptable aute data for cadmium are availabibe 94 different estuarine/marine species
representing 9 genergTable 10). Figure 6 plots the ranked GMAVs for cadmium in
estuarine/marine environments based on acute toxicity. The following sections detail the

derivation of these GMAYV summaries.

Waterquality parametersaff ectingtoxicity

Estuarine/marine fish speciasegenerally more resistant to cadmium than freshwater
fish th SMAVs from 75.0
>80, 000 t AppendM @)z Thherebare gaveral wated qaapty a  (

species wi ranging egl/

eg/ L for
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parameters that appear to affect the toxicity of cadmium to estuarine/marine dpexEsidy
of the interaction of dissolved oxygen and salinity on the acute toxicity of cadmium to the
mummichogfor exampleVoyer (1975) found that 96r LCses at a salinity of 32 g/kg were
about onenalf of 96-hr LCscs atsalinites of10 and 20 g/kgAs discussed isection5.4.], this
increase in toxicity with increasing salinit/not consistentith other data reported in
Appendix B andAppendix |, anda salinity correction faor could notbe developed
Limited investigations have been conducted to characterize the influence of temperature
on cadmium toxicity. ObHara (1973a) investiga
the toxicity of cadmium to the fiddler cradca pugilator LCses at 20C were 32,300, 46,600
and 37,000 e€g/L at salinities of 10, 20 and 3
temperature from 20 to 30°C lowered thesp X all of the salinities tested. Toudal and Riisgard
(1987) reported that increasing the water tenafpee from 13 to 21°C at a salinity of 20 g/kg
also lowered the L& value of cadmium for the copepoflartia tonsa Thus, increasing
temperature levels generally resulted in the greater toxicity of cadmium to aquatic organisms, but

sufficient data areot available to develop a quantitative relationship.

Summaries of studies used atuteestuarine/marine criterion determination

Suitablecadmiumacute toxicitytest results foestuarine/marine organisms are now
available for B invertebratespecis and & fish speciesfor a total of ¢ species grouped int®7
generaAppendix B). Forty of the79 GMAV sin the updated dataset have new dataeenew
invertebratespeciesNeomysiamericanaTigriopus brevicorni@ndAurelia auritanow
represent théhreemost sensitivéaxain the distributionfGMAV s 0f28.14 29.14 and1.75
Mg/L, respectively. The most sensitivesh is thestriped basdyloronesaxatilis with a GMAV
= 75.0ug/L andrankedthe 5™ mostsensitivespeciesn the new datas€Table 10).

Acute sensitivity ranges wideBmongstthe estuarine/maringenera for which acute
values are availableyith the most sensitivepecies approximatefy,000times more sensitive
than the most resistagpecies. e GMAVs for estuarinenarine invertebrate species rang
from28.14¢ g/ L imysid, Ne¢ommysis o 169, 787 ¢eg/ L Limulust he hor s«
(Tablel)) . The SMAVs for estuarine/ marQaptagla pol ycha
capitatato 12052¢ g / LNed&nthesrenaceodentatéEstuarine/marine molluscs havisl&Vs
t hat r an g/eforfthe borse ddabilfesupcapax t o 23, 200 eg/ L for t

(Nucella lapillug. Acute values are available for more than one species in ed&gehera, and
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the range of SMAVs within each genus is no more than a factor of 1@ @frthe 15 genera.
Oysters Crassostreginclude SMAVs that differ by a factor of 21 @hich ispossibly due to
different exposure conditions betwebe tested speciels described for the freshwater data,
only the most sensitive SMAV is used in calculating the GMAMCrassostreaFurthermore,
to avoid using test results from studies in which the life stage tested is known to be less sensitive
than other life stage®\ppendix B), only the data from Reish et al. (1976) were usedfor
capitatg and only data from Martin et al. (1981) and Nelson et al. (1988) were uddd for
edulis Similarly, only data from Sullivaet al. (1983) were used f&r affinis while only data
from Wright and Frain (1981) were used fdarinogammarus obtusatuBinally, only data from
Cripe (1994) were used fé1. duorarum only data from Park et al. (1994) were useddwulus
marmoratis and only datdrom Hilmy et al. (1985) were usdédr Mugil cephalusThe
distribution of ranked estuarimearine GMAVSs for cadmium is depicted kigure 6.
There are sufficient data to fulfill theecessaryequirements to calculate an acute
criterion for cadmium in estuarine/marine water usingsfieries sensitivity distribution (SD)
method.The second through fifth most sensitive genus were used in the computation of the Final
AcuteValue (FAV)and arganked below from most to least sensitive:

2. Tigriopus brevicornisCopepod GMAV=29.14ug/L total Cd)
3. Aurelia aurita Moon jellyfish (GMAV=61.75 ug/L total Cd)
4. Americamysi§GMAV=67.39ug/L total Cd)

5. Morone saxatilis Striped bass (GMAV=75.[g/L total Cd)

The most sensitivgenus was represented by the spetlesmysiamericana
(GMAV=28.14pg/L total cadmium)whichis not included in the criteria numeric calculation
because its not within the four GMAVs closest the 5™ percentileof sensitivity in the
distribution of B genera included in the datadetthe 2015 draftriteria documenthis genus
was represertl by the speciddeomysis integewhich was the third most sensitive genus
Neomysis integdras beersubsequentlyemoved from the databasmceit does not occur in
North Americawaters and data for tidéorth American estuarine/marine specidepmyss
americana has beewbtained, thus making the use af@+native species assurrogate fothis
genusunnecessarylhe resulting calculated FAV 865.25¢ g/ L t ot aSumntaedard u m.

provided below for the individual species or genera (in cases where more than one species is
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included in the calculation of the GMAV) used to calculate the estuarine/marineAHAXalues

are provided in terms of total cadmium.

Tigriopus brevicornis

The GMAV/SMAYV of 29.14 pg/L cadmium for the copepddgriopus brevicornisis
based on the genetric mean of three 9& LCsgs from tests conducted with three different life
stages and a salinity that ranged from 34.5 to 35 g/kg. (Forget et al. 1998). The copepods were
exposed to unmeasured static cadmium chloride solutions and the resulting acute values were
17.4, 29.7 and 47 @g/L cadmium for the nauplius, copepodid and ovigerous fehfialstages
respectively Appendix B).

Aurelia aurita

Freeswimming larva (ephyra) of the moon jellyfistAurelia aurita wereexposed to
cadmium nitrate ira static, unmeasurdéstfor 48-hr (Faimali et al. 2013). THBMAV/ GMAV
of 61.75 pg/L cadmium is thigfth most sensitive species in the estuarine/marine acute dataset

andthethird most sensitive genu3 #ble 10).

Americamysis
The GMAV of 67.39ug/L cadmium forAmericamysiss the geometric mean of the

SMAVs for the tw mysid specieé. bahiaandA. bigelowi(formerly identified asMysidopsis
bigelowi). Acceptable acute values far bahiarange from 11.1 to 110 ug/L total cadmium.
While there ard 4 acceptable acute valyese SMAV of 41.29ug/L total cadmium is calculated
from only the two flowthrough measured exposures conducteszhlatiiesof 10-17 g/kg

(Nimmo et al. 1977aand30 g/kg (Gentile et all982; Lussier et al. 1985).

Morone saxatilis
The griped bashasa GMAV/SMAV of 75.0 pgL cadmiumandis the most sensitive

fish speciesnd the fifth most sensitive geniasthe estuarine/marine acute dataset (Palawski et
al. 1985). Ths value is based on a test whéBeday old fish were exposed static ad
unmeasuredoncentrations afadmium chloridefor 96-hr at a salinity of 1 g/kg.

54



Table 10. Ranked Estuarine/Marine GMAVS.
(Values in bold are new/revised data since the 2001 AWQC).

GMAV SMAV
Rank® (ug/L total) Species (ug/L total)

Horseshoe crab,

9 169,787 Limulus polyphemus 169,787

78 135,000 Oligochaete worm, 135,000
Monopylephorus cuticulatus
Mozambique tilapia,

" >80,000 Oreochromis mossambicus >80,000
Scorpionfish,

76 62,000 Scorpaena guttata 62,000
Sheepshead minnow,

& 28,196 Cyprinodonvariegatus 28,196
Cunner,

& 25,900 Tautogolabrus adspersus 25,900
Oligochaete worm,

3 24,000 Tubificoides gabriellae 24,000
Dog whelk,

72 23,200 Nucella lapillus 23,200
Amphipod,

71 22,887 Eohaustorius estuarius 22,887
Mummichog,

0 19,550 Fundulusheteroclitus 18,200

) ) Striped k||||f|s_h,_ 21,000
Fundulus majalis

69 19,170 Eastem mud snail, 19,170
Nassarius obsoletus

68 14,297 Winter flounder, _ 14,297
Pseudopleuronectes americanus
Fiddler crab,

67 12,755 Uca pugilator 21,238
Fiddler crab,

) i Uca triangularis 7,660
Polychaete worm,

66 12,052 Neanthes arenaceodentata 12,052

65 11,000 Shiner perch, 11,000
Cymatogaster aggregata

64 510,200 Cal_lfornla market squid, 510,200
Loligo opalescens

63 10,114 Palychaete worm, 10,114
Alitta virens

62 10,000 Oligochaete, 10,000

Tectidrilus verrucosus
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GMAV SMAV
Rank? (ug/L total) Species (ug/L total)

Striped mullet,

61 9.217 Mugil cephalus 7,079
White mullet,

i i Mugil curema 12,000
Nematode,

60 9,100 Rhabditis marina 9,100
Isopod,

59 >8,000 Excirolana sp. >8,000

58 7,400 sand dollar, 7,400
Dendrasterexcentricus

57 7.120 Wood borer, 7,120
Limnoria tripunctata

56 6,700 Amphipod, 6,700
Diporeia spp.

55 6.600 Atlantic _oyst(_ar drill, 6.600
Urosalpinx cinerea
Mud crab,

54 4,900 Eurypanopeus depressus 4,900

53 4,700 Polychaete, 4,700
Nereis grubei

52 4.100 Gree_n shore crab, 4,100
Carcinus maenas
Blue crab,

51 4,058 Callinectes sapidus 2,594
Lesser blue crab,

) ) Callinectes similis 6,350
Polychaete,

50 3,925 Ophryotrocha diadema 3,925
49 3,500 scud, 3,500
Marinogammarus obtusatus

Polychaete worm,

48 3142 Ctenodrilus serratus 3142
Amphipod,

atl 2,900 Ampelisca abdita 2,900

46 2,600 Cone worm, 2,600
Pectinaria californiensis

45 2413 Common starfish, 2413
Asterias forbesi

44 2110 PaC|f|_c sand crab, 2110
Emerita analoga

43 2,060 Gastropod, 2,060

Tenguella granulata
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GMAV SMAV
Rank? (ug/L total) Species (ug/L total)
Tiger shrimp,
42 1720 Penaeus monodon 1,720
41 1,708 Copepod, 1,708
Pseudodiaptomus coronatus
40 1,672 Softshell clam, 1,672
Mya arenaria
Amphipod,

39 1,510 Rhepoxynius abronius 1,510
Brown mussel,

38 1,506 Pernaperna 1,146
Green mussel,

) ) Perna viridis 1.981
Coho salmon,

37 1,500 Oncorhynchus kisutch (LS) 1,500
White shrimp,

36 1271 Litopenaeus setiferus 990
White shrimp,

) i Litopenaeus vannamei 1,632

35 1,228 Daggerblade grass shrimp, 1,083
Palaemonetepugio
Grass shrimp,

- - : 760
Palaemonetes vulgaris
Starlet sea anemone,

34 1,184 Nematostella vectensis 1,184
Atlantic silverside,

33 1,054 Menidiamenidia 1,054
Amphipod,

32 1,041 Corophium insidiosum 1,041
Pinfish,

31 1,000 Lagodon rhomboides 1,000
Green sea urchin,

30 862.9 Strongylocentrotus droebachiensis 1,800

) i Purple sea urchin, 413.7
Strongylocentrotus purpuratus '

29 800 Rivulus, 800
Rivulus marmoratus

o8 7945 Hf'irpactlcqlq copepod, 7945
Nitokra spinipes

27 765.6 Bay scallop,_ _ 1.480
Argopecten irradians

) i Scallop, 396

Argopecten ventricosus
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GMAV SMAV
Rank? (ug/L total) Species (ug/L total)

Amphipod,

26 7392 Leptocheirus plumulosus 7392
Blue mussel,

25 7362 Mytilus edulis 1,073
Blue mussel,

) i Mytilus trossolus 505.0

24 716.2 Amphipod, 716.2
Elasmopus bampo

23 645.0 Longwrist her_m|t crab, 645.0
Pagurus longicarpus
Amphipod,

22 630.7 Grandidierella japonica 630.7
Amphipod,

21 630 Chelura terebrans 630
Barnacle,

20 490 Amphibalanus amphitrite 490
Mangrove oyster,

19 422.6 Isognomon californicum 422.6
Mysid,

18 4103 Praunus flexuosus 4103

17 410.0 Isopod, 410.0
Joeropsis sp.

16 320 Sand shrimp, 320
Crangon septemspinosa

15 3105 Northern pink shrimp, 310.5
Farfantepenaeus duorarum

14 235.7 Rock crab, 250
Cancer plebejus

) i Dungeness (;rab, 299 3
Cancer magister

13 224 Harpactlcqld copepod., _ 294
Sarsamphiascus tenuiremis

12 >200 Cabezon, >200
Scorpaenichthys marmoratus

11 200 Pon_chaete worm, 200
Capitella capitata
Horse clam,

10 188.1 Tresus capax 60
Horse clam,

) i Tresus nuttalli 590

9 1732 Pacificoyster, 1732

Crassostrea gigas
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GMAV SMAV
Rank? (ug/L total) Species (ug/L total)

American oyster,

) i Crassostrea virginica 3,800

8 147.7 Calanoid copepod, 1477
Eurytemora affinis

7 130.7 Copepod, 144
Acartia clausi

) i Calanqd copepod, 118.7
Acartia tonsa

6 78 American Iobsfcer, 78
Homarusamericanus

5 75.0 Striped bass, 75.0
Morone saxatilis
Mysid,

4 67.39 Americamysis bahia 41.29

] ] Mysid, 110
Americamysis bigelowi
Moon jellyfish,

3 61.75 Aurelia aurita 61.75
Harpacticoid copepod,

2 29.14 Tigriopus brevicornis 29.14
Mysid,

1 28.14 Neomysis americana I

#Ranked fromeastto most sensitive based on Genus MAante Value.
®There is a 10x diffrencdn SMAVs for the genus, only most sensitive SMAV is used in the calculation
LS= Federallylisted species
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Figure 6. Ranked Estuarine/Marine Cadmium GMAVS.

3.2.2 Chronic toxicity

Chronic studiesvere availabldor only two species of mysid®r consideration in
deriving a chronic criterion for cadmium in estuarine/marine water taxonmic nomenclature
of oneof thosespecies hagecentlychanged so there is now only one genus represbwttdok
two speciegTable 11). Becauseéhe MDR isnot met for derivation of the estuarine/marine FCV,
the ACR approacitvas employed whereby the estuarine/marine FAV is divided by the FACR
(seeSection4.4.2. Although three ACRs atgpically required to calculatanFACR, only two
ACRs for estuarine/marine specigsre usedn 2001to calculate thestuarine/marinEACR.
Freshwater ACRs were not used in 2001 to support the derivation of the estuarine/marine FACR
because theange of freshwater ACRalues was considered tdargefor inclusion(seeSection

5.9.5. With the availability of additional freshwater toxicity datiae updatedestuarine/marine

60



FACR now incorporatesix freshwateigenuslevel ACRs andoneestuarine/maringenuslevel
ACR. EPA believes thanclusion of the freshwater speci®€Rs (that areacutely sensitivand
have taxonmically-related marine specipwith the estuarine/marine speci@€Rsis the most
appropriate and representative method for deriving the FACR.

TheGMCYV for estuarine/mari@speciedased on chronicadniumtoxicity in a
saltwater medium is identified ifable 11. This GMCV is plotted irFigure 7 in relation to the
new FCV/CCCof 8.0 ug/L total calmium The following presents a discussion of
estuarine/marine chronic data used in deriving the estuarine/marine chronic criterion for
cadmium.Thechronic valuesre based on estimated fg@alues for eacbf two speciesThe

EC, values and SMCVs derived are tabulated and includégpendix D.

Americamysis
Three chronic toxicity tests have been conducted with the estuarine/marine invertebrate,

Americamysis bahjdormerly classified ablysidopsis bahiaand one acceptable study was
conducted wittAmericamysis bigelowformerly classified aMysidopsis bige&wi. Nimmo et al.
(1977a) conducted a 2fay life-cycle test withA. bahiaata temperature ranging frog® to
28°C andasalinityrangingfroml 5 t o 23 g/ kg. Survi veaimumas 10 p
84 percent at the next lower test concentratiod of 4 cadyiuitp and 95 percent in the
controls. No unacceptable effects were observeddrmium concentrations6 . 4 e€g/ L. The
chronic toxicity | i mit sadmitunhwath &eMA®C caronicaatueof 6. 4 a
8 . 2 3 7cadmguim The accomanying reproductive Ege st i mat e waasmin 605 ¢ g
and he 96hr LCsowa s 1 5 ca@miwngesuliingin an acutechronic ratio of 2.765.

Another lifecycle test was conducted wigh bahiaat a constant temperature of 21°C
and salinity of 30 g/kgGentile et al. 1982; Lussier et al. 198B). organisms died in 28 days at
23 ecgdmium At Tdmignga/sdries of morphological aberrations occurred at the
onset of sexual maturity. External genitalia in males were aberrant, females faiéseltapd
brood pouches, and both sexes developed a carapace malformation that prohibited molting after
release of the initial brood. Although initial reproduction at this concentration was successful,
successive broods could not be born because moltingegsuldeath. Noeproductivesffects
on initial or successiveroodswer e not ed i n t headmiomThusgles or at
chronic I imits for tchdmsmrse sudlyt iamge i5n la aMAIT A Oo f

cadmium The correspondingbBge st i mat e f or s ucadmiumahditew@Gs 10. 93
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at 21AC and sal i ni tcadmioniwhi8hQesuits irkam AQRa06510.06%r6m € g/ L
this study Gentile et al. 1982; Lussier et al. 1985)

These Nimmo et a{1977a)andthe Gentile et al(1982) and_ussier et al(1985) studies
hadexcellent agreement between the chronic valmgisconsiderable divergence between the
acute values and acut@ronic ratiosAs discusseth Section5.4.1 several studies have
demonstrated an increasetle acute toxicity of cadmium with decreasing salinity and
increasing temperaturdgpendix B andAppendix 1), and he observed differences in acute
toxicity to the mysids might be partiallxglained on this basis. Nimmo et al. (1977a) conducted
their acute test at 20 to 28°C and salinity of 15 to 23 g/kg, whereas thendstted bysentile
et al.(1982 andLussier et al(1985 was performedta21°C and salinity of 30 g/kg

A third A. bahia chronic study was conducted by Carr et al. (1985) at a salinity of 30
g/kg, but the temperature varied from 14 to 26°C over the 33 day study. At test termination, >50
percent of the organisms had died i nsurgeadmi um
gr owt h rcadmiulm the pwekt concentration treatment gronps significantly reduced
when compared to the controls. The resultant chronic livaised orgrowtharea NOEC<4
pHo/L anda LOEC of4 ¢ @-OHC)cadmium. The accompanying survival g€stimate was
5 . 8 3 3cadmium The SMCV forA. bahiais the geometric mean of the three,E@lues, or
6 . 14 9 Acutg datia were natported for this study

Gentile et al. (1982) also conducted a-tifgletest withthe mysid, A. bigelowj and the
results were very similar to those #rbahia The EGofor thisteswwa s 1 1 .c&diium g/ L
and the ACR is 9.4&/when paired with the acute k§for A. bigelowio f 1 1 Gadnsiugn/ L
TheresultingGMCYV for Ameriamysis s 8 . 4cadnium(fablé11) and is the only
GMCYV in the estuarine/marine chronic dataset.

Table 11. Ranked Estuarine/Marine GMCVs.
(Values in bold are new/revised data since the 2001 AWQC).

GMCV SMCV
Rark® (Lg/L total) Species (Lg/L total)
Mysid,
1 8.449 Americamysis bahia 6.149
Mysd, 11.61
Americamysis bigelowi

@ Ranked fromeastto most sensitive based on Genus Mean Chronic Value.
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Figure 7. Ranked Estuarine/Marine Cadmium GMCVs.

3.3 Bioaccumulation

No U.S. Food and Drug Administration (FDA) action level or other maximum acceptable
concentration in tissue, as defined in 1885Guidelinesis available focadmium Therefore, a
Final Residue Valuevasnotdevelopedor fish tissueHowever, a discussed ifection2.3,
although cadmium camioaccumulatén the tissues of aquatic lifat criteria concentrationsis
unlikely to accumulate to levels that would result in adverse effects to aquatic inaegdltsh,
or wildlife from the ingestion of aquatic life that have accumulated cadnmuhreir tissues
This conclusion is supported by the extensive amount of tissue resffdats data in the
literature, more than is available for any other chentitaivinen and Ankley 1999, Bridges and
Lutz 1999).Most gquaticorganismsare consideretb bemore susceptible to cadmiuimom

directaqueougxposure than through bioaccumulatiand the development of criteria

63



protective of direct exposure effects ammsidered more applicable to the development of
criteria for aquatic lifeAcceptable bioaccumulation data are providedppendix G and

discussd inSection5.6.

3.4 Toxicity to Aquatic Plants

Available data for aquatic plants and algae were reviewed to determine if they were more
sensitive to cadmium than aquatic animals &agendix A and Appendix E for freshwater
speciesseeAppendix B andAppendix F for estuarine/marinspeciey Effect concentrations
for freshwater plantand algaavere well above the freshwater criteidith only a few
exceptionsestuarine/marinplants were lessesisitivethan estuane/marine animalsandit was
therdore unnecessarto develop criteria based dme toxicity of cadmium to aquatic plarnits
thisupdate.The onlytwo exceptions were the green algagnaliella viridisandScenedesmus
sp.,, each having a statenmeasured0-d MATC of 7.07ug/L cadmium.As recommended in
the 1985 Guidelines (Stephan et al. 198%seunmeasured plant studiggere notusedfor the

derivation ofa Final Plant Value.
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4 THE NATIONAL CRITERIA FOR CADMIUM

4.1 The Freshwater Cadmium Criteri a
FreshwaterAcute Criterion, theCriterion Maximum Concentration(CMC)

CMC= é0.9789x In(hardness) 3.866 x CF
Where CHconversion factofrom total to dissolved=1.136672- [(In hardness) (0.041838)]
The resultan€CMC of 1.8 ug/L for dissolvedcadmiumat a hardnessf 100 mg/Las CaCQ.
The CMC was derived to h@otective of the commercially and recreationally int@otrainbow
trout (Oncorhynchusnykis3, consistent with procedures described in the X9&8elines, ands
below all the SMAVs ifTable 7, whenthe SMAVs are expressed on a dissolved bésis
comparison of the updated CM@the 2001 CMGcross various hardness levels is presented in
Table 12,

FreshwaterChronic Criterion, the Continuous Concentratio(CCC)
CCC = é0.7977x In(hardnessj 3.909 x CF

Where CF (conversion facténom total to dissolved=1.101672 [(In hardnessk (0.041838)]
The resultan€CC of 0.72ug/L for dissolvedcadmiumat a hardnes®f 100 mg/L is below all
the SMCVs inTable 9. A comparison of the updated C@&the 2001 CC@cross various

hardness levels resented iTable 12

Table 12. Freshwater CMC and CCC at Various Water Hardness.

CMC CCC
(ug/L Cd dissolved) (ug/L Cd dissolved)
Hardness 2001 Criteria 2001 Criteria
(mg/L as CaCQ;) (superseded) 2016Criteria (superseded) 2016Criteria
25 0.52 0.49 0.09 0.25
50 1.0 0.9 0.15 0.43
75 1.5 1.4 0.20 0.58
100 2.0 1.8 0.25 0.72
150 3.0 2.6 0.33 1.0
200 3.9 3.4 0.40 1.2
250 4.9 4.2 0.46 1.4
300 5.9 5.0 0.53 1.6
350 6.8 5.8 0.59 1.8
400 7.7 6.5 0.64 2.0
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4.2 The Estuarine/Marine Cadmium Criteria

EstuarineMarine Criterion Maximum Concentration (CMC)
CMC:
Total Cadmium Final Acute Value66.25¢ g / L
Total Cadmium Criterion Maximum Concentration66(25¢ g / L B3.13s g=/ L
Dissolved Cadmium Criterion Maximum Concentration = 0.9933.13¢ g /=33

egl/ L

EstuarineMarine Criterion Continuous Concentration (CCC)
CCC:
Final AcuteChronic Ratio =8.291(seeSection4.4.2
Total Cadmium Final Chronic Value 66.25¢ g /812%1£7.991¢ g/ L
Dissolved Cadmium Final Chronic Value = 0.9947.991¢ g / 7Pe &/ L

4.3 Freshwater Criteri a Calculations

4.3.1 Acute

The freshwater Final Acute Value (FAV) for total cadmium tdtal hardness of 100
mg/L as CaCQ@was calculated to b&733¢ g fotal cadmium(Table 13), based oithe
fGMAVs shownin Table 7. This value is below all other SMAVs listed Tmble 7 (see also
Figure 3), with the exceptio of the SMA\ for rainbow troutmottledsculpin,shorthead
sculpin, bull trout, cutthroat trout and brown traddowever, since the SMAYV for the
commercially and recreationally important rainbow trout is below this value, the FAV was
lowered t03.727ug/L total cadmiumdt a hardness of 100 mgAo protect tiis speciesThis
lowered value is also protective of ather speciggncluding salmonidgpr which toxicity data
are availableThe resuiing freshwater Criterion Maximum Concentration (CMi)a hardness
of 100 mg/Las CaC@for total cadmiunis ( i n ¢ §778E§ardnessiB889 and is equal t@.9
¢ g /Whenthe CMC based on total cadmiwancentrations converted to dissolved cadmium
using theD.944conversiorfactor, which wasdeterminedat a hardness of 100 mgés CaCQ@
(Stephan 1995; Univ. of WisconsBuperior 1995), the freshwater CMC for dissolved cadmium

(i n &@osdx [e@o8UnhardnessiB86) Theresultantl.8e g/ L CMC for di ssol ve
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at a hardness of 100 mgh&.lower thanall of the SMAVSGMAVs presented ifable 7, as
illustratedgraphically inFigure 3.

Conversion factors

Although past water quality criteria for cadmium (and other metals) have been
establishetdbasedu pon t he | oosely defined term of dacid
to allow the expression of metal criteria on the basis of dissolved owetegéntratior{U.S. EPA
1994, which isoperationally defined aseafportion ofmetal that passes thrdug 0.45um filter.
Because most of the data in existdajabases are from tests tpedvideonly total cadmium
concentrationsa procedure was required tonverttotal to dissolvedconceantrations Conversion
factors (CFs), correspondingo the percentf the total recoverable metal thaedissolvedwere
applied to total metal concentratgiio estimatedissolved metal concentrati@he CFs for
cadmium werelerived usinglata fromfisimulationt e sthatveéreconductedo test the
relationship betwen total and dis$eed cadmium concentrationsatangeof differenthardness
values.Theobjectiveof the simulation testwasto estimatehe cadmiumconcentratioathat
would have beenalectedf dissolved metatoncentratioahad been measured (Lussier et al.
1995; Stephan 1995; Univ. of Wisconsperior 1995)Hardness was the focus of the
simulation tests (and development of the CFs) because it was determined to be the most
important variable affecting cadmiutoxicity in freshwater

The data presented in this documentiamost caseprovidedas total cadmium. Only
the final cadmium criteria values are converted from total to dissclwecentrationsising the
appropriate CFayhich are hardnesdependent in fresiater Acute freshwater total cadmium
concentrations wereonverted to dissolved concentrations using the factor of 0.973 at a total
hardness of 50 mg/L as Cag;0.944 at a total hardness of 100 mg/L as Ca@ad 0.915 at a
total hardness of 200 mg/L as Ca_Dhe equation for the acute freshwater conversion factor is
CF =1.136672 [(In hardnessk (0.041838)] where the (In hardness) is the natural logarithm of
the hardness (Steain 1995 U.S. EPA 200®).
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Table 13. Freshwater FAV Calculation.

GMAV Genus

N Rank GMAV IN(GMAV) | In(GMAV) ? | P=R/(N+1) sqrt(P)
75 5 Oncorhynchug  6.141 1.82 3.29 0.066 0.256
4 Morone 5.931 1.78 3.17 0.053 0.229
3 Salmo 5.642 1.73 2.99 0.039 0.199
2 Cottus 4411 1.48 2.20 0.026 0.162
Sum: 6.81 11.66 0.1&4 0.847

$= 13.60

L= 0.922

A= 1746

FAV = 5733

FAV (trout lowered) 3.727

CMC= 1.9

Where, S=slope, L=intercept, A=In(FAV); and FAV=final acute vdtoéal cadmium)

4.3.2 Chronic

All chronic valus, which wereexpressed as kg whemrverpossibleandMATCs when

necessaryyere adjustedb atotal hardness of 100 mg/as CaCQusing the pooled slopef
0.7977(seeSection3.1.2. Normalizedchronic values agreed wétir mosttest organisms

within aspeciesand for most species within a genus. The exception was the three values for

Atlantic salmonwhich werevery dfferent. TwentysevenSMCVs were calculated from the

underlined values iAppendix C. From these 2SMCVs, 20 GMCVs were calculated and

ranked Table 9). A freshwater Final Chronic Value was calculated from the 20 GMCVs using

regression analysi{@able 14). The freshwater Final Chronic Value for total cadmium at a
hardness of 100 mg/as CaCQi s
For dissolved cadmium, therfal Chronic value at a hardness of 100 maglCaCQi s
= 0909 [e0797Tnhardness)B.909) “and isequal t00.72¢ g / Theequation for the chronic
freshwater conversion factor is CF = 1.1016f@n hardnessk (0.041838)] At a hardness of
100 mg/Las CaCg@, all of theSMCVs andGMCVs are above the CC@issolvedmetal basis)
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Table 14. Freshwater FCV Calculation.

FCV Genus

N Rank GMCV IN(GMCV) | In(GM CV)? P=R/(N+1) sqrt(P)
20 4 Chironomus 2.000 0.69 0.48 0.190 0.436
3 Cottus 1.470 0.39 0.15 0.143 0.378
2 Ceriodaphnia 1.293 0.26 0.07 0.095 0.309
1 Hyalella 0.7453 -0.29 0.09 0.048 0.218
Sum: 1.04 0.78 0.476 1.34

= 19.27

L= -1.212

A= -0.230

FCv= 079e g/ L

Where, S=slope, L=intercept, A=In(FCV); and FCV=final chronic vétatal cadmium)

4.4 Estuarine/Marine Criteri a Calculations

4.4.1 Acute

The estuarine/marine Final Acute Value for total cadmium calculated from the Genus
Mean Acute Valueshownin Table 10is66.25¢ g / L .
egl/ L),

bass

(75.0

but

Thi s
migsidy. areericartalh2a&. 1 4vapepgB@iMA)V,s

FAV

i s

bel ow

T. brevicornis( 2 9 . 1 4mysidA/ bahja(41.29¢ g / rhopn jellyfishAurelia aurita(61.75

€ g /abdhorse clamlresus capax 6 0

£The/ rdsyltant estuarine/marine Criterion

Maximum Concentration (CMC) for total cadmiun38e g / L

(FEBX5E 2 / &V 2) .

total cadmium CMC is converted to dissolved cadmium using the 0.994 factor determined

experimentally by EPAccording to the procedure describe&ecttion4.3.], the
estuarine/marine CMC for dissolved cadmiur833 g / Tlable(15). The resultant CM©f 33

egl/ L

b dissavdd cadmium iselow all buttwo of the estuarine/marine SMAVEhE

copepod;Tigriopus brevicornisand mysidNeomysis americangresented ifable 10 (Figure

6).
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Table 15. Estuarine/Marine FAV Calculation.

GMAV Genus

N Rank GMAV In(GMAV) In(GMAV) 2 P=R/(N+1) sqrt(P)
79 5 Morone 75.0 4.32 18.64 0.063 0.250
4 Americamysis 67.39 4.21 17.73 0.050 0.224
3 Aurelia 61.75 4.12 17.00 0.038 0.194
2 Tigriopus 29.14 3.37 11.37 0.025 0.158
Sum: 16.02 64.74 0.18 0.83

$= 1182

L= 1.763

A= 4193

FAV = 66.25

CMC= 33

Where, S=slope, L=intercept, A=In(FAV); and FAV=final acute value.

4.4.2 Chronic

While thereweresufficientdata to calculate a freshwater chronic criterion using
regression analysis, the estuarine/marine chronic database condats i@presentingnly one
Genus/mily (Appendix D). Thereforethe alternative ACR approaetes used for deriving an
estuarine/marine chronic criterion. TI8VQC document updat®r cadmiumrecommendshe
use ofsevengenuslevel ACRs to céculate the FACHRor estuarine/marine watéiour
freshwater fislgenera represented by figpeciestwo freshwater invertebraigenera
represented by threxpecies, andneacutely sensitive saltwater mygiénera represented by
two speciep AcceptableACRs are available for six freshwater invertebraggghtfreshwater
fish and two saltwater invertebrate species representing a diverse number of {dmaldles 6).
Unfortunately, none of the four methods suggested i198&Guidelines (Stephan et al. 1985)
for calculating the FACR are appropriate for cadmium (e.g., the species mean ACR does not
increase or decrease as the SMAV increases; the A&Rsumber of species are greater than a
factor of ten). Thus, an alternate approael used to determine the FACR.

The recommended FACR 8f291was obtained from the geometric mearsefen
genuslevel ACRs onebased orestuarine/marinenysids .070, which is the geometric mean of
5.275 forAmericamysis bahiand 9.476 foA. bigelowi), two based orireshwater invertebrates
(the cladoceran€eriodaphnia dbia (19.84) andDaphnia(23.9Q which is the geometric mean
of 57.23 forD. magnaand 9.977 foD. puley, and burbased on freshwater fisthé mottled
sculpin Cottus bairdii(11.22) the salmonid OncorhynchusindSalmo(bothraised to 2.0 since

the ACRs forO. mykissO. tshawytschandsS. truttawere all below 2.0), and the fathead
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minnow, Pimephales promelg4d.7.90)).The fishC. bairdii, S trutta, OncorhynchusndP.
promelasrepresent theecondthird, fifth and forty-third mostacutelysensitive freshwater
genera, respectively, atige cladoceranBaphniaandC. dubiaarethetwelfth andseventeenth
mostacutelysensitivegeneraThe seven ACRs differ by a factor of 11,8&present a diverse
mix of speciesand areprotective of the marinenvironmentThe ACRs for the other freshwater
species were not used because they have nodiamcaily-related marine speciés.g.,
pulmonate snailsandbr the ACRs appear to be outliers.

This approach was chosen becalEsA believes thtuse ofcombinedACRs fora
variety offreshwater an@stuarine/marinepeciess the most appropriate andgresentative
methodfor deriving the FACRWhen theestuarine/marin€&inal Acute Value 066.25¢ g/ L i s
divided by the=ACR of 8.29], the resultingestuarine/marin€CV is 8.0¢ g #otal cadmium
The dissolved cadmium FCV is computadmultiplying thetotal FCV by the conversion factor

of 0.994, resulting in a concentration®®e g / L .

Table 16. Acute-to-Chronic Ratios.

Acute Chronic
Value Value Species
Species (ug/L) (ug/L) Ratio ACR Reference
FRESHWATER SPECIES

Snail, Holcombe et al. 1984; Phipps ar
Aplexa hypnorum 93 4.002 23.24 i Holcombe 1985
Snail, Holcombe et al. 1984; Phipps ar
Aplexa hypnorum 93 0.8737 106.4 49.74 Holcombe 1985
Pond snail, : 3675 | 28.68 12.81 12.81 | Pais 2012
Lymnaea stagnalis
Fatmucket, 16 5.868 2.727 2.727 | Wang et al. 2010d
Lampsilis siliquoidea
Cladoceran, ~ 38.3 1.93 19.84 19.84 | Brooks et al. 2004
Ceriodaphnia dubia
Cladoc_eran, 9.9 0.1523 65.00 - Chapman et al. manuscript
Daphnia magna
Cladoceran, 33 0.2118 155.8 - Chapman et al. manuscript
Daphnia magna
gladoqeran, 49 0.3545 138.2 - Chapman et al. manuscript

aphnia magna
Cladoceran, 30 0.37 81.08 . Canton and Slooff 1982
Daphnia magna
Cladoceran, 1266 | 110 11.51 . Baird et al. 1990; 1991
Daphnia magna
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Acute Chronic

Value Value Species
Species (ug/L) (ug/L) Ratio ACR Reference
Cladoc_eran, >6.85 2 496 >0 748 i Chadwick Ecological Consultant
Daphnia magna 2003
Cladoc_eran, >3.4% 2373 >1 448 i Chadwick Ecological Consultant
Daphnia magna 2003
Cladoceran, 411 | 1528 | 26.89 57.23 | Jemec el. 2007; 2008
Daphnia magna
Cladoceran, 62 6.214 9.977 - Niederlehner 1984
Daphnia pulex
Cladoceran, Chadwick Environmental
Daphnia pulex >14.6 3.051 >4.788 9.977 Consultants 2003
Rio Grande cutthroattrout, | 47 | 1877 | 1319 1.319 | Brinkman 2012
Oncorhynchus clarkii virginalis
Rainbow trout, 2834 | 2473 | 1146 . Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 43901 | 4762 | 0922 . Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 6.564 | 3.808 | 1724 . Davies et al. 1993
Oncorhynchus mykiss
Rainbow trout, 8.54 1.82 4.692 . Davies and Brinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 134 | 9508 | 1.409 . Davies and Brinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 279 | 2604 | 1071 . Davies andBrinkman 1994b
Oncorhynchus mykiss
Rainbow trout, 5200 | 3.471 1.498 . Besser et al. 2007
Oncorhynchus mykiss
Rainbow trout, >12 5.3 >2.264 | 1527 | Wangetal. 201d
Oncorhynchus mykiss
Chinook salmon, 141 | 1465 | 09626 | 09626 | Chapmarl975, 1982
Oncorhynchus tshawytscha
Brown trout, 2.37 0.6240 3.798 - Davies and Brinkman 1994c
Salmo trutta
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 10.1 13.56 0.7448 - 2007
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 3.9 6.36 06132 i 2007
Brown trout, Brinkman and Hansen 2004a;
Salmo trutta 1.23 2.807 0.4382 0.9337 2007
Fathead minnow, . .

. 5,995 24.71 242.6 - Pickering and Gast 1972

Pimephales promelas
Fathead minnow, 13.2 10.0 1.320 17.90 | Spehar and Fiandio86
Pimephales promelas
Flagfish, . 2,500 5.018 498.2 498.2 | Spehar 1976a;b
Jordanella floridae
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Acute Chronic

Value Value Species
Species (ug/L) (ug/L) Ratio ACR Reference
Bluegill, . 21100 | 29.35 718.9 718.9 | Eaton 1974, 1980
Lepomis macrochirus
Mottled sculpin, 19.77 1.76 11.22 11.22 | Besser eal. 2007

Cottus bairdi

ESTUARINE/MARINE SPECIES

Mysid,

: . . 15.5 5.605 2.766 - Nimmo et al. 197&
Americamysis bahia
Mysid, Gentile et al. 1982; Lussier et al
Americamysis bahia 110 10.93 10.06 5275 1985
Mysid,
(formerly, Mysidopsis bigelowi 110 11.61 9.476 9.476 Gentile et al. 1982

Americamysidigelowi

& Geometric mean of 6 L{gs from Baird et al. (1991).
® Not used to calculate the species ACR because it is an undefined value.
© Geometric mean of 5 Lggs from Pickering and Gast (1972).
4 Geometric mean of 2 Lgs from Besser et al. (2007).

° Test species fed.

" Geometric mean of 2 Ligs from Davies et al. 1993.
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5 EFFECTS CHARACTERIZATION

The purpose of this section is to characterize the potential effects of cadmium on aquatic
life basednavailable test data and to describe additional lines of evidence not used directly in
the criteria calculations, but which support #046 criteria values. This section also pro\sde
summary of the uncertainties and assumptass®ciated with theiteria derivationand
explanations for decisions regarding data acceptability and usage in the effects assessment.
Finally, this section descrissubstantive differences between the 2001 cadmium AWQC and
the2016update resulting from incorporation okthatest scientific knowledge.

All acceptable acute and chronic values used to derive criteria are praaehpgendix
A (Acceptable Freshwater Acute Toxicity DatAppendix B (Acceptable Estuaringfarine
Acute Toxicity Dat3, Appendix C (AcceptableFreshwateChronicToxicity Datg and
Appendix D (AcceptableEstuarine/Marine Chroni€oxicity Datg. Acceptable aquatic plant
toxicity data are presented Appendix E (Acceptable Freshwater Plant Toxicity Data) and
Appendix F (Acceptable Estuarine/dtine Plant Toxicity Data}hough as discussed 8ection
3.4, the vast majority oplants are less sensitive than other aquatic species andotelieectly
used for the derivation of criteriAcceptable bioaccumulation data are presentégpendix
G (Acceptable Bioaccumulation Data)d sincedirect toxic effects occur more rapidly than
bioaccumulatioreffects direct effectsvere therefore the focus of the criteria development
Studiesdentified asscientifically soungbut that danot meethe screening guideling®r
inclusion in citerion calculationge.g., duration too long or short, too few exposure
concentrationsunmeasured chronic test, atypical endpanepresented iM\ppendix H (Other
Freshwater Toxicity DajaandAppendix | (OtherEstuarinearineToxicity Data). Where
appropriate, these other data aften used qualitatively to support toxicity data compiled for
existing species to derive the criteffdne toxicity values imA\ppendix H andAppendix | for
Hyalellaaztecaand the glochidia and juvenile life stages of mussels represent studies that did
not satisfy the recommended test procedures and/or latest science as desSelogdne2.6,
5.1.2and5.2.10f this document.

5.1 Freshwater Acute Toxicity Data

Acceptable acute toxicity dasaupporting the development of acute critenia available

for 101 freshwater species grouped imdgenera. In general, fish are ma®utelysensitive to
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cadmium tharareaquatic invertebratefish compriseeightof the ten most sensitive genera to
cadmium with an amphipodH. aztecaranked eight, anda mussel Lampsilig ranked tenth
The least sensitive genus is the mi@ifgronomus

Several fish studies were identified as not meeting screening guidelines for inclusion in
thecriteria calculations Appendix H), but showed similar ranges i&sponséo the most
sensitivefish speciesDavies and Brinkman (1994a) reported ah®@.Csp of 1.87 pg/L
cadmiumfor S trutta (fed during the exposure), wdti is very similar to the unfed 96 LCsp of
2.37 pg/L determined bthe same authorssingthe same dilution watefhe data generated for
rainbow trout and reported Hansen et al. (2002b) showed similar sensitivitiestier
acceptable data feainbow trout Five-day LG values rangetrom 1.108to 2.729ug/L when
normalizedto a total hardres of 100 mg/las CaC@. Buhl and Hamilton (1991) and Chapman
and Stevens (1978¢portedLCsgs for Coho salmormf 14.36ug/L (96-hr) and8.804ug/L (217
hr), respectivelywhennormalizedto a total hardres of 100 mg/las CaCQ. In unmeasured
flow-through cadmium exposuresth sockeye salmagrServizi and Martens (1978) reported
unnormalized’-day LGovaluesrangingf r om 8 to 4,500 eg/ L for fry
The rangen sensitivity of thdife stagestested bytheseauthorss similar to other salmonid
studiesused quantitatively to deritbe acuteriterion Appendix A).

Sublethal effects of cadmium to invertebrate and vertebrate species have been reported by
a number of authorg\ppendix H), many above th2016criteria levels Bluegill sunfish
(Lepomis macrochiryjs cough r ate i ncr e a scadhiumidréreedays pos ed
(Bishop and McIntosi981)and Low (2009) olerved an increase in the auditory threshold for
fathead minnows exposed2o. 1 cadmium for four days. Ivankovic et al. (2010) reported
increased metallothionein levels in zebra mus$aisi¢sena polymorpha ex posed t o 10
cadmium for seven dayand after 10 days limb regeneration of the Northwestern salamander
(Ambystoma gracie was adversely affected at 44.6 ¢eg/L
Shorter exposures using adDhphnia magnd3-hr) and larvalChironomus dilute$§24-hr)
resulted in aeduced phototactic indext 3 Gandsngréaked HSP gene expression at 200
eg/ L cadmium, respectively (Yuan et al. 2003;
exhibited significahavoi dance to 52 e€g/ L cadmiuandafter an
Birge 1980).
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5.1.1 Acute toxicity data for freshwater mussels

The onlyacceptabléestsevaluating the acute toxicity of cadmium to glochmerefor
the fatmucketLampsilis siliquoideaHowever theglochidiadata were not used to derive the
SMAV for this species because data for a more sensitive life stage were available (Wang et al.
20109. For the fatmucket,ampsilis siliquoidea5-day old juveniles (L& of 35.73ug/L) were
much more sensitive than glochidia @s©f >507.0ug/L), and the dat for the 5day old
juveniles were included in the acute toxicity dataset

All other glochidiatestresults wereonsideredinacceptable anderenot included in the
acute datasésee Section 2.6These included results from tests conducted by Bladkl(20
who exposedrusconia masorandUtterbackia imbecilligglochidia to cadmium for 24 hours but

did not report the control mortality adequately for the data to be used quantitatively.

5.1.2 Suitability of acuteHyalella aztecadata

Elevenstudiesnvestigated the acute toxicity of cadmium to the amphiplb@zteca Of
thosell studiesonly onewas considered acceptable for quantitative wéele the othersvere
classified as supporting data and not used to derive the SMAYV for this s{iedies17). Data
from thetenstudies wereleemedinacceptabléor the following reasongest species were fed
(SchubaueBerigan et al. 1993Collyard et al. 1994; Suedel et al. 199Fijution waterwasnot
adequately characterize@iackie 1989); the dilution water was river water and had high TOC
(Spehar and Carlson 1984); or teetduration was too sho(k96 h) (McNulty et al. 1999;
Gust 2006) or too londPhipps et al. 1998orgmam et al 2005).

Only results reported ihNebeker et al. (1986b) wecensideredicceptable andnly the
ECsp of 8 pg/L cadmiunfrom Nebeker et al. (1986kyas used to derive thé. aztecaSMAV,
whichis equivalent t@®3.00ug/L cadmiumwhen normalized to a tothbhrdness of 100 mg/L as
CaCQ. As demonstrated ifable 7, the amphipodH. aztecds the most acutely sensitive

invertebrate species in the cadmidatabase
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Table 17. Acute Studies of Hyalella azteca&Evaluated for Cadmium Freshwater Criterion.

Normalized
Hardness Effect
(mg/L as Concentration | Concentration
Reference Life stage CaCQOs) (ng/L) (ug/L)? Result of Evaluation
Nebeker et al. . Lar%;e bl
1986b juvenile & 34 8 23.00 Acceptable
young adult
Spehar and High TOC; River dilution water not
Carlson 1984a,k ) 5579 285 4217 characterized
. 15.3 Dilution water not adecptely characterized
Mackie 1989 ) (pH=5.0) 12 75.37 (Cl- concentration unknown)
. 15.3 Dilution water not adecptely characterized
Mackie 1989 ) (pH=5.5) 16 100.5 (Cl- concentration unknown)
. 15.3 Dilution water not adecptely characterized
Mackie 1989 ) (pH=6.0) 33 207.3 (Cl- concentration unknown)
Schubauer
Berigan et al. - 280-300 230 81.10 Test species fed
1993
Collyard et al. 0-2 d 90 813 14.41 Test species fed; Data graphed, could onl
1994 ' get approximate value
Collyard et al. 244 90 47 5 8.313 Test species fed; Data graphed, caurity
1994 ' ' get approximate value
Collyard et al. 46 d 90 29 5 10.53 Test species fed; Data graphed, could onl
1994 ' ' get approximate value
Collyard et al. o Test species fed; Data graphed, could onl
1994 1012d 90 at 7.759 get approximate value
Collyard etal. 16-18 d 90 2115 12.75 Test species fed; Data graphed, could onl
1994 ' get approximate value
Collyard et al. 24.96 d 90 214 15.52 Test species fed; Data graphed, could onl
1994 ' get approximate value
i’gé%ps etal. - 4447 2.8 6.051 Duration toolong (10 d)
Suedel et al. Test species fed; Did not meet specific
1997 1421d 17 2.8 15.86 acceptability criteria for this species
217-301
ll/lgcgNguIty etal - (starved for 48 99.34 39.13 Duration too short (24 hr)
hr before test)
McNulty et al. 217301 .
1999 - (starved for 72 82.17 32.36 Duration too short (24 hr)
hr before test)
McNulty et al. 217301 .
1999 - (starved for 96 65.00 25.60 Duration too short (24 hr)
hr before test)
li/lgcé\éulty etal. - 217-301 107.3 42.27 Duration too short (24 hr)
ety et al : 217:301 75.42 20.71 | Duration too short (24 hr)
ety et al : 217:301 74.20 29.22 | Duration too short (24 hr)
Jackson et al. Lack of control survival information; No
2000 -10d 48 38 7794 bromide in dilution water
Jacksoret al. Lack of control survival information; No
2000 /-10d 118 12.1 10.29 bromide in dilution water
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Normalized
Hardness Effect
(mg/L as Concentration | Concentration
Reference Life stage CaCQO,) (ug/L) (ug/L)? Result of Evaluation
Egg%ma”” etall 4114 18 0.15 0.8036 Duration too long (7 d)
ggg%ma”” etall 1114 124 1.60 1.296 Duration too long (7 d)
Gust 2006 - - 1.9 - Duration too short (72 hr)

#Normalized to a hardness of 100 mg/L using the pooled acute slOp&780

5.1.3 Uncertainty in the freshwater FAV calculation

A number of uncertainties are associated with calculation of the freshwater FAV as
recommended by the 1985 Guidelines (Stephan et al. 1985), and inskidélimted datadr a
specier genusacceptability of widely variableadafor a genusapplicaton of safety factors
and extrapolation of laboratory ddb field situationsThere are a number of cases in the acute
database where only one acute test is used to determine the SMAVbseduentlthe GMAV
is based ortheone acute tesin thissituation thee is a level of uncertainty associated with the
GMAV based on the one test ressilice it does nahcorporate the range of values that would
be available if multiple studies were availalllee GMAYV is still valid, in spite of absence of
these additional data.

The acute database also includes seygnagéra where two or more widely different
SMAVs (>10x factor) are available for estimating the GMAV. In ttasethe 1985 Guidelines
recommend thagome or all of the values probably should In@ used in calculation$o resolve
this, only the more sensitive SMAV (primarily due to a more sendifesstagetested) was used
to calculate the GMAYV, thereby ensuring protection of the geamiexplained isection3.1.1

The final step in the acute criteria derivation process is to divide the FAV by a safety
factor of 2 to yield the CMCThe CMC is set equal to half of the FAV to represeldw level of
effect for the fifth percentile genus, rather tlee0% effect.This adjustment factor was derived
from an analysis of 219 acute toxicity tests with a variety of chemicals (see 43 FR2ZHE®
for a complete descriptionyheremortality data were used to determine the highest tested
concentration that did not cause mortality greater than that observed in the (@risbtiveen O
and 10%. Application of this safety factor is justified in ththie concentratiomepresents

minimal acute ticity to the species.
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Applicationof wateronly laboratory toxicity tests to protect aquatic spes@dbasic
premiseof the 1985 Guidelinesupported by theequirements of diverseassemblage aight
familiesandthe protection 095 percenof all species. Confirmation has been repdtiy a
number of researcherhereby indicatinghaton the whole, extrapolation of laboratory data
does a reasonably good job of protecting natural aquatic commu@itigain exoskeleton
bearing aquatic organisnfs.g., aquatic insects), however, may not be adequately protected due
to their differential accumulation of aqueous vs. dietary cadmium (Poteat and Buchwalter 2014),
andthistherefore represents uncertainty in the derived CACdiscussed isection5.6.1,
selected insect species evaluated by different researchers exbanteadimdietary effect levels
lower than aqueous exposed organishie most sensitive insect in the acute datalimsed on

wateronly laboratorytoxicity testsis the mayflyBaetis ranked as th82"® most sensitive genus.

5.1.4 Acute criteria duration

Forthe 2016 acutecadmiumcriteriag EPA hashangedhe duratiorto 1-hour from the 24
hoursEPA applied in the 2001 final cadmium criteria docum&RA made this change to the
2016criteriato reflect the acute criteria duration recommended in the 1985 Guidelines. The draft
2001 cadmium criteria document usedaolrduration, whichrEPA subsequently revised to 24
hours in the final criteria document. The final cadmium criteria document did not detail the
rationalefor this changeandEPA hasfurther examined thissueas part of th016 criteria
update

The 24hou duration used in the 2001 final cadmium criteria document was based on a
limited number of fish toxicity studies that were conducted in thel8&Ds and which
suggested that cadmium tinn@effect may be longer than reflected by thiedur averaging
peiiod. These studies were focused on fish and did not address trends in duration for other
aguatic species, such as invertebratesaBse othe limited nature of these investigations and
absence of additional supporting informati&RPA decided to revisthe acute duratiom this
documento be consistenwith the more protective-thour duration, which is generally supported
by and consistent with the 1985 Guidelines. Page 5 of the 1985 Guidelines, for example, states
t hat AFor t he CMGhotldagainde sebstangallyiegs thartheileagihs of the
tests it is based on, i.e., substantially less than 48 to 96 hours. One hour is probably an

appropriate averaging period because high concentrations of some materials can cause death in
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one to thee hours. Even when organisms do not die within the first hour or so, it is not known
how many might have died due to delayed effects of this short of an exposure. Thus it is not
appropriate to allow concentrations above the CMC to exist for as long asumdhe
durations of the averaging periods in national criteria have been made short enough to restrict
allowable fluctuations in the concentration of the pollutant in the receiving water and to restrict
the length of time that the concentration in theeiving water can be continuousllyove a
criterion concentrationd Page 6 of the 1985 Guihaluealeragees f ur
should never exceed the CMC. O

Additional information supporting theHour averaging period is presented in pagef
the Technical Support Document for Water Qualigsed Toxics ContrgU.S. EPA 1991)
whi ¢ h s tFartaite criteria 2BEPA recommends an averaging periochotif. That is, to
protect against acute effects, thdur average exposure shoutnt exceed the CMC. The 1
hour acute averaging period was derived primarily from data on response time for toxicity to
ammonia, a fasacting toxicant. The-hour averaging period is expected to be fully protective
for the fastestcting toxicants, and evenore protective forslowest c t i ng (tTlexi cant s. 0
frequency of allowed exceedances is once in three years on average, as recommended in the
Guidelines (Stephan et al. 1985). This is based on the ability of aquatic ecosystems to recover
from the exceedensewhich will depend in part on the magnitudes and durations of the
exceedences&requency and duration will be further considered as part of the 1985 Guidelines
update, but the duration for tB@16 cadmium acute criteria will be-our.

5.2 Freshwater Chronic Toxicity Data

Acceptable chronic toxigitdataare available fo27 freshwater species representing 20
different generaAppendix C). In cantrast to the acute toxicity test results, invertebrates were
generally more sensitive to cadmium than bsisedon chronic toxicity. The four most sensitive
genera were the amphipétyalella, followed by the cladoceraberiodaphniathe sculpin
Cottus, and themidge ChironomusFor the acceptable chronic toxicity datarmalized chronic
toxicity values ranged frofd.7453to 36.70ug/L for invertebratesandfrom 1.470to >38.66
Mg/L for fish. The blue tilapia was the least sensitive organism to cadmnghihach normalized
MATC of >38.66ug/L.
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Additional chronictoxicity datathat werenot usedjuantitativelyto derive a criterion are
available for cadmiunfAppendix H). Suedel et al. (1997) conductedCadubiastatic measured
life-cycle assessmerithe normalizedNOEC 0f4.110ug/L andLOEC of16.44ug/L reported
for this studyareonly slightly higher tharchronic values that weresedquantitatively to derive
a criterion(Appendix C). The 17 to 2kday NOEC and LOEC values reporfed Daphnia
magnaandD. pulexby Biesinger and Christensen (197@Jinner (1986) Winner and Whitford
(1987) Enserink et al. (1993andKnops et al(2001)were similar to other acceptable chronic
values reporteth Appendix C for these speciess werevalues fromong term studies with
Atlantic salmon (Rombough and Garside 1982; Peterson et al. 1983) and brown trout (Davies
and Brinkman 1994c; Brinkman and Hansen 20Q98a7).

Other sublethal effects data also not used to derive criteria are pravidlpgendix H,
with many studiegsgainreporting effectdvels above theriteria Asian clamsCorbicula
flumineg exhibited reduced phagocytosis activity when expos&dtoe g / L fora3ddaysu m
(Champeau et al. 2007), and goldfi§tatassius auratysexperienced reduced plasma sodium
|l evel s when exposmfdr5@days 8Cally asddgibustoncl@rf)nsScherer et
al. (1997) evaluated lake troi@glvelinus namaycuslfor eight months and reported decreased
thyroid follicle epithelial cel | height at
emergence was sbrved in African clawed frogkenopus laev)sembryos after a 47 day
exposure t@55 pg/Lcadmium (Sharma and Patino 2008).

An artificial stream channel employed Byddel et al. (2005a) assessed the prey choice
and capture efficiency @alvelinus fontialis exposed to two cadmium concentrations (0.5 and
5.0 pg/L) for 30 days using dechlorinated tap water at a total hardness of 156 mg/L (a$. CaCO
The juvenile brook trout preferred nomotile over motile prey, and prey capture efficiency
decreased bf0-55% with increasing Cd concentration. Additional artificial stream channel
studies by Riddel et al. (2005b) that employed the same two cadmium exposures and dilution
water evaluated the foraging and predator avoidance behaviors of mayfly ny@aptis (
tricaudatug, and predateprey interactions of stonefly nymphsggotus nonusand the
longnose daceRhinichthys cataractgeAltered mayfly and stonefly behaviors were observed at
5.0 pg/L, whereas the foraging behavior of the dance was unaffectee bighiest cadmium
exposure. Mebane et al. (2104) exposed larval insects for 32 days to four cadmium

concentrations (0.018, 0.091, 0.35 and 1.02 pg/L) in experimental streams that circulated river
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water with a total hardness of 17 mg/L. Preliminary resntikate that reduced mayfly
abundance Ef£gs normalized to a total hardness of 100 mg/L ranged from 0.41 ug/L for
Ephemeella infrequengo 3.29 pg/L forRhithrogena sp.

For the 2016 chronic cadmium criteria, the duration is adayraveraging periodsa
recommended in the Guidelines (Stephan et al 1985). This averaging period is short enough to

restrict allowable fluctuations in the concentration of the pollutant in the receiving water and to

restrict the length of time that the concentration in theivaty water can be continuously above

a criterion concentrations. In addition, the frequency of allowed exceedances is once in three

years on average, same as for the acute criteria.

5.2.1 Suitability of chronic Hyalella aztecadata

A total of eightH. aztecachronic studies were reviewed for acceptability as

recommendeth Appendix K. Onlydata fromthelIngersoll and Kemble (2001) study using

USGSColumbig MissouriLab well water as dilution water was considered acceptable for

deriving a freshwater chronic criterioAgpendix C). Thus, theH. aztecanormalized SMCV
(and GMCV) 0f0.7453ug/L cadmium is based on only ststudy.Although the seven other

studieswere not used for deriving thgpdatedcadmium freshwater chronic criterion, the effect

levels observed for each study are providedwelnddemonstratéhe similar sensitivity of the

amphipod to cadmiundespite the issueghich precluded their use developing the SMCV and

GMCV. The normalized effect concentrations for these seven studies rangel 3dhto

4907¢ g/ L

cadmi

um,

Wi

t h

t hfeom 42j0e g i(Table 1§). f

v al

Table 18. Chronic Studies of Hyalella aztea Evaluated for Cadmium Freshwater

Criterion.
ECod
MATC
(TH=100)
Reference Method® | Life stage | Exposure Effect (pg/L) Result of Evaluation
Egrirbslgn(gggl) F, M 7-8 d old 42 days | Reproduction| 0.7453 | Acceptable
Borgmann et al. . Not acceptable .
198% R, M <7-d old 42 days Survival 0.6348 | Only 64% control survival
(need 080 %)
Not acceptable
Borgmann et al. . 0.4299 Low control weight of 0.34 mg dwt
19991 R.M <7-dold 42 days Survival (EGo |(ne d)ﬁOn’@?dwtaftemz dagys of
testing
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ECod

MATC
(TH=100)
Reference Method® | Life stage | Exposure Effect (ug/L) Result of Evaluation
Not acceptable
Suedel eal. 14-21 d Survival/ Test organisms underfed (control
1997 S M old 14 days growth 0.6576 weights not reported). Low ionic
composition of dilution water.
Chadwick 28 days Not acceptable
Ecological F M 78dold | (recon lab Survival 0.3749 Low control weight of 0.25 mg dwt
Consultants water) (need O 0.35 mg
2003 testing)
Chadwick
. 28 days
Ecological . Not acceptable
Consultants F, M 7-8 d old (\.j,vtzjirtf:r(;e Survival 0.4461 0.2 g9 Cd/L in d
2003
Stanlev et al Not acceptable
2005 y ' R, M 7-14dold | 42 days Survival 2.414 Only 45% control survival
(need 080 %)
Not acceptable
Straus 2011 R, M 2-9d old 21 days Survival 4.907 Low control weight of 0.136 mg dw/
(need O 0.35 mg
testing)
Not acceptable
Straus 2011 RM | 29dold | 28days | Survival 2277 | Low control weight of 0.064 mg dwf
(need O 0.35 mg
testing)
Not acceptable
Pais 2012 RM | 29dold | 28days | Survival 05127 | Low control weight of 0.135 mg dw]

( n e ©B5mQ dwtafter 28 days of
testing

& S=static, R=renewal, F=flowhrough, U=unmeasured, M=measuré#i=total hardness

Borgmann et al.(198%) Chronic Survival Study

This longterm (6 week}ktudy investigated theffect of cadmium oid. aztecasurvival,

growth and reproduction and was primarily a metiaelelopmeneffort. The statierenewal

life cycle test was initiated with <@ay old organisms and was conducted at 25°C in

dechlorinated Burlingtoity tap watemwith exposure concentration$ 0.28 (control), 0.57,
0.92, 1.49, 2.23, 3.42 and 6.28 pg/L cadmium. The water used for tissticgeptablewith a

chloride concentration @fpproximately26 mg/L and bromide concentratioharound0.047

mg/L. Other common ion (Na, K, Ca, Mg, SO4datiCQO;s) concentrations in this water are

reasonable for testing with. aztecaHowever, the food and feeding levels used in this test are

guestionableThe authorgested up to 20 organisms in each beaker and added 4 mg Tetramin

flakes once per week to@datest beakewith additional feedings given up to two times each

weekon an as needed badisis not clear how they determingchenmore food was required.
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Furthermorethereportedcontrol survival was only 6gercentwhile 80 percenis consideredo
bethe minimumacceptableontrol survivafor a 6week test. The calculated E&3or survival
was0.7827 pg/L, 00.6348ug/L when normalized ta hardness df00 mg/L as CaC®

Borgmann et al.(1991) Chronic Survival Study

An additionalH. aztecab-week chronic testvas conducted by Borgmann using the same
dechlorinated Burlington City tap water. As mentioned previotisigtap watelis considered
acceptabldor H. aztecaesting However, it appears that organisms in tbigyrtermtest were
alsounderfed (similar to other tests conducted by this group). The authors state that the animals
were fed Tetramin at a rate @fily 5 mg Tetramin/beaker/wegWwhich equates tabout 0.25
mg/organism/week. This feeding rate is mumivdrthan currentlyecommendedor chronic
tests.Results of other chronic amphipod ®sith diets limited to Tetramin hatimited success
suggesting thaamphipod require dietary supplemenigs addition to the Tetrami(e.g., YCTor
diatoms) to achievacceptablgrowth am reproductior(J R. Hockett, personal communicatjon
Based on the organism control weights obtained at the end of tij@. B&stngestimated average
dry weigh), it appearamphipodgrowth was limited by thfeeding rateand dietary
composition Acceptable average ending dry weights typically fall within the range of 0.7 to 1.0
mg/organisnfor a 42d test. This poor growth and low feeding rate excluded thefubese
data in calculatinghe SMCVfor this speciesThe reported E& for survivalin the studywas
0.53 ug/L, or 0.£299 ug/L when normalizedio a hardness df00 mg/Las CaCQ.

Suedel et al(1997 Chronic Survival and Growth Study

This paper presents the results of several toxicity tests. AltHonméd information is
provided, theestsappear tdestatic exposuravithoutrenewal. Five tests were conducted-(48
hr, 96-hr, 7-day, 10-day, and 14day exposures). Organisms were fed in each test by adding
leached, ground maple leavedhetest chambers at the beginning of eaxposure. Especially
for the longer duration tests (tay and 14day), it doesnot appear th test organismwere fed
sufficienty, althoughthis remains unclear becausedyweight data were not reported. Little
information is provided about the test/tah water other than hardness (6 to 28 mg/L),
alkalinity (8 to 18 mg/L) and conductivity (22 to 130 uS/¢cmhich indicates the dilution water
was low in ion compositianThe authorsiotedthat waterconditions represénhelimits of

environmental tolerzce for thetested specieg he chronic valuef 0.16 pg/L(based on growth
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and surviva), or 0.6576ug/L when normalizedo a hardness of 100 mgéds CaC@, was not

used quantitatively in this assessment.

Chadwick Ecological Consultant2003 Chronic Sunival Study

The chronic toxicity of cadmium td. aztecawas tested with 28ay flow-through
measured test procedungsing twodifferent dilution watergreconstitutedaboratory water and
naturalsurface watefrom Horsetooth ReservQiwith differenthardness level8oth dilution
waters were augmented with bromide and chloride to achieve nominal concentrations of
approximately 0.80 mg/L Br and 60 mg/L" Gihich areabove theminimum recommended
levels 0f0.02 mg/L Branddmg/L Cl. The 28daycontrd s ur vi val was O90 per
test, which exceeds the 80 percent minimum requirement. The test organisms were fed 1.0 mli
Y CT daily and theauthors reported mean contdsl weightsat day 28f 0.25 mg for the
reconstituted water test and 0.43 mgtfer natural surface water teshe recommended mean
control dry we.35ghandomytthe datusal srface wader t@et the
feedindaverage control dry weigheéquirementEven though the control dry weight of the
natural surface wateestmetthe recommende@d.35mg averagethere is arelevatedevel of
cadmiumin theHorsetootlReservoiwa t er (about Oln alditienghetadnauand mi u m)
concentratiormeasurectday28in the lowest nominal exposure concentra@ie g J was
very similar tothe next higher concentration, which raises questions about wioegfagism
response in the lowest concentration was exaggerated by an excusdmiimm concentration
or if the measured concentration wasanalytical anomalyrhe28-dayMATC for the surface
waterteswas 1. 02 e€g/ L cadmium, whi ch wdassureMali ght |l y
ECpof 0. 6 20804446%¢cgd Muhen normalizedo a hardness of 100 mgés CaCQ The
MATC for thereconstituted watewas 0.74& g/ L, whi ch was al so higher
calculated Egof0.3749¢ g/ L cad mi um.

Stanley et al(2005 Chronic Survival Study

Stanley et al. (2005) conductededH. aztecad2-day chronic test in laboratory
reconstituted water (ASTM hard watandat a feeding rate of 1 ml YCT/test chamber/dBye
lack of sufficient chloride and bromidensin the dilution wateandsub-optimal dietwould not
support the health ¢i. aztecaespecially after 10 days of testi(gppendix K). Additionally,
the control survival in this test was poor (45%Meresultsof this teswereaccordinglynot used
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to develop AWQC. Thaonnormalizedchronic limits based on survival are 2.49 and 5.09 pg/L
with a MATC of2.414ug cadmiuniL when normalizedo a hardness of 100 mgés CaCQ.

Straus(2011) Chronic Survival Studies

H. aztecaneonatesZ-9 days olgl were exposed to cadmiuior 21 days in artificial Lake
Ontario reconstituted laboratory water (total hardness off#20mg/L as CaCg) and for 28
days in a mitureof reverse osmosis and dechlorinated City of Waterloo tap Waeded to a
total hardness of 22 mg/L as CagfQVater in bothtess was renewed every 48 hours and cotton
gauzewas usea@s a substratélthough te test organisms were cultured in artificial media
containing bromide, it is not clear if the artificial Lake Ontario water or the reverse osmosis/tap
watermix contained bromide. The chloride concentratials®were not reported for either
dilution water,althoughthe nominal chloride concentration of the artificial Lake Ontesaberis
estimated to be approximately 28 mg/lestrecommendations Appendix K note that natural
waters with a hardness of <80 mg/L as Ca@ically have <10 mg QL. Control organism
survivalwas 93 percenh the21-day testand 81.8 percent in the 2By test. Control organism
mean dry weight averaged 0.1f88 the 2tdaytestand 0.064 mdor the28-day testWhenall
factorsareconsidered, these two studies do not meet the test acceptability requirements outlined
in Appendix K. The ECys calculated for these two tesiasedon survival are 6.42 pg/L for the
21-day test and 0.68 ug/L for the -2y testor 4.907for the 2kday testand2.277ug/L for the
28-day testwhen normalizedo a hardness of 100 mgés CaCQ.

Pais (2012 Chronic Survival Study
H. aztecaneonatesZ-9 days old were exposed to cadmium for 28 days in laboratory
water that was renewed every 48 hours. The dilution water was a mix of reverse osmosis and
dechlorinated City of Waterloo tap water blended to a total hardness of 90 mg/L ag 8aCO
cotton gauzeubstrate was used during the té$ie bromide and chloride levels were not
reported by the author, but since the total hardness of the reverse osmosis/tap water blend was 90
mg/L as CaCg the dilution water may have containeu acceptable amount oflchide. U.S.
EPA (2012)notes that natural waters with a hardness of <80 mg/L as Gagpixzally have
chloride concentrationsf <10 mg/L.The bromide level was not reportduit the tap watenay
have supplied the minimubromidelevel (0.02 mg Br/l) recanmendedn Appendix K. The

28-day control survival was 100 percent, which exceeds the 80 percent minimum requirement.
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However, he authors reporteal mean control organism weight of 0.135 mg, which is much less
than the r @35mgrowkanddye?8ccrdingly,this study does not meet the test
acceptability requirements and the normalizedl2® survival EG of 0.5127 pg/L was not used

for criteria derivation.

5.2.2 Uncertainty in the freshwater FCV calculation

In addition to the uncertainties described abovelfefreshwater acute criter@erivation
(Section5.1.3, the freshwater FC¥alculation is also influenced by the availability of limited
data, estimation of chronic values with eithern&@ MATC methods, selection of either life
cycle or early lifestagetest results for a species, and the use of the most representative test
duration for theC. bairdii ELS test.

The freshwater chronic databaseasnprisedf 27 species and 20 genera that satisfy the
eightfamily MDR as recommended in the 1985 Guiddi(t&ephan 1985)[here are several
factors thatontributesome uncertaintto the freshwater FCVe(g.,use of EGgs over MATCs,
the limited data used to develop the hardness relationship, limited detaamteca selection of
most appropriate exposuseenarios, and other data that is only used qualitatively). In this
update EGys wereselectedhs the most appropriate effect level, but not all studies reportgd EC
or did not provide the raw data in the paper sgo&Could be calculate@Note:for all studies
where raw data necessary to calculatg;g @ere not provideduthors were contacted to
requesthe raw dataif available.Some requestarestill outstanding)While EGygs are the
preferred effect leveko that chronic toxicitgan be compackequally, this preference limits the
amount of data thareused quantitatively iIsSMCV andGMCYV calculations Table 9 and
Appendix C). This was the case for several spedisdubig C. reticulatg D. magnaO.
kisutch O. mykissS trutta, S. fontinalis S. namaycustandP. promelas Converselyonly
MATCs were avadble for several generand therefore the effetgvels associated witiose
MATC concentrationgareunknown QreochromisMicropterus Esox andCatostomups These
values were retained in the ranked table to avoid losing the genus.

The use of Eggs also limited the amount of data thagreused to develop the chronic
hardness relationship. Currently thareonly enoughEC,, data to explore this relationshiqr
threefish speciesThis preferencéor EC,es precludedhe inclusion of data fdP. promelasbut

MATC data from a single study f@. magnaChapman et al. Manuscript) were usedthatan
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invertebratecould be iludedin the analysisTherationale for theexclusionof P. promelass
that the effect of hardness wouldlietter evaluated without the confounding factor of the level
of effect being unknown (segection2.6, Chronic measures okffect).

The 1985 Guidelines recommend the ustibbflife-cyde (LC) tests over ebyr life-cycle
tests (ELS), with the rationale that LC tests will be more sensitive. However, this relationship
was not always apparent. Normalized,550f LC testswere more sensitive (lower effect
concentratios) for S. fontinalisand O. mykissbutELS tests were more sensitiigr S. trutta
To be conservative, the ELS tests were used to derive the SMA/ fartta

As discussed above there is only one acceptable study using the new test reqaiiocement
H. aztecaWhile the other unacceptable datarenot usedjuantitativelyit appears that effect
concentrations were similar, however the SMAV/GMAYV for the most sensitive species in the
freshwater chronic database is based on the results from one study (Ingel$a@hable 2001).

5.3 Additional Agquatic Life Water Quality Assessment$or Cadmium

Mebane (206) recently derived freshwater ambient water quality criteria for cadmium and
included data from studies that focused on species and surface water conditions in Idaho. Acute
and chronic toxicity were calculated from available effects data and normaliZeatdmess
based on hardnessxicity regression analyses. The four most sensitive genera to acute
exposuresverethe fishOncorhynchugNorthwest trout and Pacific salmo®alvelinug ic har o
trout), Salmo(other trout and Atlantic salmon), afabttus(scupin). The four most sensitive
genera to chronic exposures were the aquatic invertelbigssllaandGammarusand the fish
CottusandSalvelinus Mebane 2000 reportedaCM@ f 0. 75 e€g/ L tot al cadm
of 0.37 eg/ L t ot aldnessafdbdrmgimas CaB®eaband20@9repatedh a r
cadmium in total (unfiltered) instead of dissolv@dd6e m f i | t er e d )butndicatede nt r a't
that because cadmium is highly soluble in water, the difference between total and dissolved
concentrations would be small, with dissolved cadmium concentrations expected to average
about 90 to 95 percent of total concentrations (Stephas; £88rk 2002; Meban200§. When
adjusted to a total hardness of 100 mg/L as Ga@®@ CMC and CCC calculated using
equations reported by Mebar00g ar e 1. 35 and O0.55 e€g/ L, respe
lower than the2016updatedEPACMC of 1.9¢ g /andCCC 0of0.79¢ 4., based on total

cadmiumand a hardness of 100 mg/L as CaCIhe differences in the criteria derived by
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Mebane (2006) and th016update are primarily due the addition of new data since 2006, the
subsequent estimation of differeqidated acute and chronic hardntsscity slopes, and
exclusion of specific test results based=btA data acceptability criteria.

The British Columbia Ministry of Environment (BRIOE) recently released a draft
assessment of ambient water quality cradéorr cadmium in freshwater to protect species
resident to British Columbia, Canada (BGOE 2014). The proposed acute and chronic criteria
are based on dissolved cadmium concentrations in freshwater. The criteria were adjusted for
hardness using establishmethods to derive an equation from the results of multiple published
studies (Meban2006;Stepharet al.1985; US. EPA 2001).The BGMOE used lelowest
value from a primary studgnd applied $actor of 3.5 to account for uncertainty and protect the
survival of the most sensitive species (<10% mortality) at all life stages.eSh#ingdraft CMC
of 0.339 e€g/L total cadmi um zwds based areeffeetsonh ar d n e
rainbow trout frygrowth after a & exposureas reported in Hanaeet al. (200B). Theresulting
draft CCC (30 days) of 0.0772 gwgasdasedhdn a wat er
effects orHyalella aztecasurvival,as reported in Ingersoll and Kemi§#001). The shotterm
hardness slope factor was 1.04 andang-term hardness slope factor was 0.;7&#mpared to
the2016hardness slope facton$ 0.9789and 07977, respectively The BGMOE (2014)
cadmium water quality guideline for | ong term
This is in contrast tthe highelEPA 2016 estuarine/marinehronic CCC of7.9¢ g /dissolved
cadmium.No short term exposure guideline has been develop&C-MOE for the marine
environmentThe BCMOE proposed cadmium criteria are all lower than the EBZ6criteria,
primariy due to differences in the methodology employed (use of lowest value), larger safety

factors applied and hardness slope factor differences.

5.4 Estuarine/Marine Acute Toxicity Data

Acute toxicity data are available fé4 estuarine/marine species represenii@genera.
These datareadequate tgsupport the development of an estuarine/marine acute criterion.
SMAVs for cadmium range fror28.14to 169,787 pg/L. Théour most sensitive geneveere
invertebratesvith GMAVs ranging from28.14to 67.39ug/L (Appendix B).

Additional toxicity data on the effect of cadmium on estuarine/marine species were

available, butid not meet standards of acceptability and weteused quantitativelyn

89



development of the criteri@ppendix 1). However, thecute and chronitoxicity values for
these tests are similar to thasfehe accepted studigs;oviding additional supporting evidence
about the toxicity of cadmium to estuarine/marine aquaticTiiesenclude data froniRoast et
al. 2001, whoreporteda 6-day LG for P. flexuosu®sf 83.11ug/L, whichrepreserga similar
outcometo those providedh Appendix B. Nimmo et al. (19773 andGentile et al(1982
reportedsimilar outcomsfor A. bahiawith 8 to 17day EGg values rangpg from 11.3 to 60
Mo/L.

Other nortraditional endpoints for marine/estuarine organisms exposed to cadmium for
shorter time periods are presentedppendix |. Daggerbladgrass shrimpRalaemonetes
pugio) had increased LPO and ubiquikavels when exposed for eight hours to 11834
cadmium (Downs et al. 2001a). Reduction in swimming speed and reduced serum osmolality
were observed for nauplii of the calanoid copefad/temora affinisand the mysid
Americamysis bahiaubjected for 24 hours to 130 and 3&2L cadmium, respectively
(Sullivan et al. 1983; De Lisle and Roberts 1994). Bellas et al. (2004) determindu &Rl
attachment E§3 of 752ug/L for the ®a squt Ciona intestinalisand the mud snalassarius
obsoletudad increased oxygen consumption when exposed to 500 pg/L cadmium for 72 hours
(Maclnnes and Thurberg 1973). Osmaotic pressure of the shor€areinus maenawas
affected at 34 pg/L cadmium after 10 days, but not at 3.4 pg/L (Burke et al. 2003). Choi et al.
(2008) found that Pacific oysterSrassostrea giggexposed to 10 pg/L cadmium for 11 days
had an increaskexpression of MT mRNA in digestive gland agitls. Coho salmon
(Oncorhynchus kisutgtexposedo 3.7 pg/L cadmium over 48 hours exhibited histological
injury to the olfactory epithelium, and a significant loss of olfactiotoatentrations greater
than347 pg/L, with the adverse effects of each stiident after a 1@lay depuration in clean
water (Williams and Gallagher 2013). The persistent nature of these effects could adversely alter

the return rates of anadromous salmon species as noted by Baldwin et al. (2009).

5.4.1 Uncertainty in estuarine/marine FAV calculation

The influence of salinity on the acute toxicity of cadmwmmasinvestigated with 0
different genera of estuarine/marine animals. A general trend of decreasing toxicity with
increasing salinity was observed tbe majority ofgenergAppendix B). Frank and Robertson

(1979) reported that the acute toxicity of cadmium to juvenile blue crabs was reduced by
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increasing salinity levelsyith 96-hr LCss o f 320, 4, 700 and 11,600 ¢
and 35 g/kg, respectivelAppendix B). The same trend was observed by Bengtsson and
Bergstrom (1987) for the harpacticoid copepdpcra spinipesRingwood (1990) for the
mangrove oystetsognomon californicumNu and Chen (2004) and Fri&spericueta et al.
(2001) for the white shrimp,itopenaeus vannamendDe Lisle and Roberts (1988) for the
mysid, Americamysis bahjaamongst other species

In contrast to the results presented above, several authors reported possible relationships
with salinity that seem contradictoisome of whichmay have been influenced by other test
variables. In a study of the interaction of dissolved oxygen and salinity on the acute toxicity of
cadmium to the mummicho&undulus heteroclitysvoyer (1975) found that 9Br LCss at a
salinity of 32 g/kg were ajut half of what they were at lower salinities of 10 and 20 g/kg. When
tested at approximately 20°C, the®6LCs;s wer e 73, 000, 7 8saniies and 3
of 10, 20 and 32 g/kgespectivelyall exposures had sufficient dissolved oxygen levels
throughout the testX.he fiddler crablJca pugilator showed a similar trend in that the crab was
more sensitive to cadmium at the highest salinity tested (30 g/kg) as compared to-fégnesimid
salinity (20 g/kg) test, and about the same sensitivithast | owest salinity (10
1973). Cadmiumalsoappears to be more toxic to purple sea urchin embryos
(Strongylocentrotus purpuratuat a higher salinity, although salinity levels differed by only 4
mg/kg and test temperatures were higher irhtgher salinity exposure, which may have
confounded potential conclusiori3ignel et al. 1989; Phillips et al. 2003)e potential
relationship between salinity and cadmium saltwater acute toxicity was investigated using an
analysis of covariang@®ixon and Brown 1979; Neter and Wasserman 1974) as noted in the
1985 Guidelines (Stephan et al. 1983¢spite the general relationship of decreasing toxicity
with increasing salinity, a pooled species slope could not be calculated.

As noted in the 1985 Guidaks, a final acute equation should be derived based on a
water quality parameter if acute toxicity is shown to be related to that parameter (Stephan et al.
1985). In order to derive a final acute equation from a water quality parameter, however,
sufficientdata are required to show that the factor similarly affects the results of tests with a
variety of species (U.S. EPA 200Because a general trend was observed between increasing
salinity anddecreasing acute toxicity for the majority of genera, an analysis of covariance
(Dixon and Brown 1979; Neter and Wasserman 1974) as noted in the 1985 Guidelines (Stephan
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et al . 1985) wusing the fARO stati st iperfarinedpr ogr a

to examine whether a salinity correction equation could be calculated.

Datafor thetenspeciexomprisingtengenera were included in tla@alysis of
covariance These species haefinitive acute values (less than or greater than values were no
used) over a salinity range of at le@sy/kg. For any given species, data were limited to studies
conducted at representative and similar temperatures and dissolved oxygen concentrations. When
test data for multiple life stages were available, datth®smost sensitive life stage was used.

In theanalysis of covariance modediuation the natural logarithm of the acute value is
the dependent variable, species is the grouping variable, and the natural logarithm of salinity is
the covariate or indepenatevariable A speciessalinity interactiorvariableis included to assess
the similarity of slopes among species RAtest isthenused to test whether a model with
separate slopes for each species gives a statistically significantly better fit ttatkieadea
model with a single pooled slope. If thesBlue of the speciesalinity interaction term is
statistically significant (defined as avalue of less than 0.05), then the model with separate
species slopes provides the better fit to the dataaaimthle pooled slope cannot be calculated.

When data for alhine species were fit to the analysis of covariance model, the species
salinity interaction term used to test for equality of slopes produBed 808, meaning that the
model with separate spies slopes provides the better fit to the data, and a single pooled slope
couldnot be calculated. Individual species slopes were variable, ranging@r6898 for the
mummichogF. heteroclitugo 5.538 for the amphipo@. japonica(Table 19). Individual
species slopes were also plottedrigure 8. As can be seen iRigure 8, eightof thenine
species experience a decrease in acute cadmium toxicity with increasing ainiaypositive

slope).
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Table 19. Individual SpeciesSlopes andSelectedRegressionStatistics for the Equation
In(LC 50Cd) = In(Salinity).

A pooled species slope could not be calculated from these data.

Species hame 95% ClI
Scientific Common Slope | LCL UCL |r? p n
M. edulis Blue mussel 0.7399 | na na na na 2
I. californicum | Mangrove oyster 1.467 |na na na na 2
N. spinipes Harpacticoid copepod| 0.3725 | -0.6744 |1.419/0.95 |0.14 |3
A. bahia Mysid 1.010 |0.7158 1.305/0.98 | <0.01 |5
G. japonica Amphipod 5538 |na na na na 2
L. vannamei | Whiteleg shrimp 1.032 | na na na na 2
C. sapidus Blue crab 1.006 | 0.8249 1.186| 1.00 | <0.01 |3
U. pugilator Fiddler crab 0.1673 | -3.499 3.834|0.25 | 0.67 |3
F. heteroclitus| Mummichog -0.6998 | -8.129 6.729/ 059 [ 0.44 |3
12
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Figure 8. Individual SpeciesSlopesShowing the Relationship betweenNatural L og
Transformed Salinity and Natural Log Transformed Acute Cadmium Toxicity.
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Data used to generate species slopdabie 19 have already accounted for the most
sensitive life stage for a particular species. In addition to that consideration, following the
recommendations of the EPA Galthes (Stephan et al. 1985), individual species slopes were
examined and a subsequent analysis of covariance model was used to test whether a pooled
species slope could be calculated using only those species with slopes determined to cover a
relatively boad range of the relevant water quality parameter, defined here as at least 50% of the
range of reported salinities. Five specikesbahig C. sapidusF. heteroclitusL. vannameand
U. pugilator, had test data across a salinity range greater than 608 salinity range for all
species. When data for these five species were fit to the analysis of covariance model, the
speciessalinity interaction term used to test for equality of slopes produced a P=0.009. As
before, the model with separate speciepest provides the better fit to the data, and a single
pooled slope could not be calculated. Despite the positive relationship between acute toxicity and
salinity observed for eight of the nine species with available data, the species slopes are
sufficienty variable that no pooled slope can be calculated. Thus, the estuarine/marine acute data
are not normalized for salinity.

In addition to the uncertainties described above for the freshwater acute criteria derivation
(Section5.1.3, thelack of a statistically defensible salinityxicity relationshipto normalize the
acute datadds additional uncertainty to thetuarine/marin€AV. Despite the positive
relationshipbetween acute toxicity and salinity observedeightof theninespecies included in
the analysis of covariancapooled slopeould notbe calculatedprecluding salinity
normalization of the dat#s such, the data are used at the tested sdivid; which may or
may not be the most sensitive for the spedies.all studies, however, reported a salinity level
which would potentially exclude them from the FAV calculation if the data were salinity

normalized.

5.5 Estuarine/Marine Chronic Toxicity Data

Data for only tweestuarine/marinenysid speciegAmericamysidahia SMCV = 6.149
pHg/L andAmericamysis bigelowbMCV = 11.61ug/L) are suitable fothederivation of a
chronic criterion, and limitetbxicity data are available for qualitative considierain this
documeniseeAppendix I). A 21-day survival chronic value of 11118)/L was determined for

the garlet sea anemoridematostellarectensigHarter and Matthews 20p5and 28day LGses
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for the plychaetewvormsCapitella capitataandNeanthes arenaceodentatnged from 630 to
3,000ug/L (Reish et al. 1976 White shrimp [itopenaeus vannanjepink shrimp
(Farfantgpenaeus duoraruimdaggerblade grass shrinipalaemonetes pugiorock crab
(Cancerirroratus) and blue crabGallinectes sapidy21 to 30day effect levels (L&s and
LOECSs) ranged from 19 to 72@/L (Nimmo et al. 1977bVernberg et al. 197 dohns and
Miller 1982, Guerinand Stickle 1995Wu and Chen 200%aScallops were more sensitive to
cadmium, withArgopecten irradiangindA. ventricosugt2-day EGp and 3@day LOEC growth
effect levels at 10 and 18)/L, respectivelyResch and Stewart 198BobrineFigueroa et al.
2007). Similarly, Atlantic silversidg(Menidiamenidig, cunner Tautogolabrus adspersuand
winter flounder Pseodopleuronectes americahds to 60day survival effects rangedomn 100
to >970ug/L (Macinnes et al. 1977; Voyer et al. 1979). Aitheseeffectlevelsare above those
reported for the two mysid specigmt were used quantitatively for derivation of the chronic
criterion

Additional studies have reported the chronic subledffacts of cadmium on
estuarine/marinspecies Appendix 1). Delayed development and reduced food consumption
were observed for rock crab larvdgaficer irroratug and white shrimplL(topenaeus vaname)
exposed for 28 days to 50 and 200 pg/L cadmium, respectively (Johns and Miller 1982; Wu and
Chen 2005a). Increased ATPase activity was exhibited by the American |bhstear(is
americanu¥ exposed to 6 pg/L cadmium for 30 days (Tucker 1979), amdierab larvae
(Eurypanopeus depresguexperienced a delay metamorphosi’ hen exposed to 10
cadmium for 44 days (Mirkes et al. 1978Jhen evaluating fish, significant reduction in gill
tissue respiratory rate was reported for the cunner afteidas88y e x posure to 50 ¢€g
et al. 1977). Dawson et al. (1977) also reported a significant decreasetissgal respiration of
striped bass -dalyexposucegas did Calbbreseret ah (199%) afterdap0

exposure to 5 eg9g/ L.

5.5.1 Final Acute-to-Chronic Ratio

The limited amount of acceptable estuarine/marine chronic toxicity data precluded the
use of regression analysis to calculate the estuarine/marine CCC (as was done with the
freshwater CCC). As stipulated in th885Guidelinesthe CCCwas calculated as the FAV

divided by the FACRAs previously mentioned, a minimum of three ACRs (a fish species and
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an invertebrate species, with one being acutely sensitive in saltwater) are typically used to
estimate the FACRIhis update ha8CRs available for six freshwater invertebrateight

freshwater fish and two saltwater invertebrate species representing a diverse number of families
(Table 16). The1985Guidelines outline fouprimaryways to combindCRsto calculate an
appropriate FACR.

1 If the species mean acutlronic ratios seems to increase or decrease as the SMAV
increasesthe Final AcuteChronic Ratio should be calculated as the geometric mean of
the acutechronic ratios for species whose SMAVSs are close to the Final Acute Value.

1 If no major trend is apparent and the aetheonic ratios for a number of species are
within a factor of ten, the Final Acuhronic Ratio should be calculated as the
geometric mean of all the species mean achtenic ratios available for both freshwater
and saltwater species.

1 For acute tests conducted on metals and possibly other substahceslaryos and
larvae of barnacles, bivalve molluscs, sea urchins, lobsters, crabs, shrimp, and abalones,
it is probably appropriate to assume that the achtenic ratio is 2. Thus, if the lowest
available SMAVs were determined with embryos and larfaeich species, the Final
Acute-Chronic Ratio should probably be assumed to be 2, so that the Final Chronic Value
is equal to the Criterion Maximum Concentration.

1 If the most appropriate species mean achit@nic ratios are less than 2.0, and especially
if they are less than 1.0, acclimation has probably occurred during the chronic test.
Because continuous exposure and acclimation cannot be assured to provide adequate
protection in field situations, the Final Acu@hronic Ratio should be assumed to be 2,
so that the Final Chronic Value is equal to tlige@ion Maximum Concentration.

None of the four methods listetbovecould be used to calculate the FACR for cadmium.
Therefore another approach was chosen to incorporate AfRsisitive specigsom bah
freshwater and estuarin@arineenvironmentgo calculate an appropriate FACR. Therere
severalpossible method® compile these value®neoption would have beeo use the ACRs
available for the twémericamysispecies (5.275 fok. bahiaand 9.476 foA. bigelow), the
chinook salmonOncorhynchus tshawytscli@.9626) andthe fatmucket Lampsilis siliquoidea
(2.727). All are acutely sensitive, and the geometric mean of these four valuesiyiefiSR
of 3.385. If the freshwater fish igplaced by the rainbow trq@ncorhynchus mykiss
(ACR=1.527), theresuling FACR is 3798 Alternatively, using the acutely sensitive mottled
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sculpin(Cottus bairdi) ACR of 11.22 instead of ¢hACRfor the Chinooksalmonresults inan
FACR of 6.254.

A final option would be to use ACRs from a diverse mix of freshwater and
estuarine/marine species representing both invertebrates and fish, with the freshwater species
havingtaxonomicallyrelated marine species. Using this approach, seven-fmrelACRs vere
used to calculate the FACR for estuarine/marine water (representing five freshwater fish species,
three freshwater invertebrate species, and the two acutely sensitive estuarine/marine nmysids). A
FACR of 8.291 was obtained from the geometric mean of seven-@i#A\CRs:
Americamysi%7.070), Ceriodaphnia(19.84),Daphnia(23.90),Cottus(11.22) Oncorhynchus
(2.0), Salmo(2.0) andPimephaleg17.90).The fishC. bairdii, S trutta, Oncorhynchusnd P.
promelasrepresent theecond, fourthiifth and forty-fourth most sensitive freshwater genera,
respectively, anthe cladoceran®aphniaandC. dubiaare theeleventh and eighteenthost
sensitivegenera Thisapproach was chosen because EPA bedi¢hat use of combined ACRs
for a variety of freshwater and estuarine/marine species is the most appropriate and

representative method for deriving the FACR.

5.5.2 Uncertainty in the estuarine/marine FCV calculation

Theprimary source ofincertainty with thelerivation of the estuarine/marine FCV is the
lack of available data. Thehlave beemo new acceptable estuarine/marine chronic data
generategince the 2001 AWQC was published. The only datilableare for one genus of
mysid, Americamysiswhich isthe fourth most seit&ze acute genus.fé chronic criterion is
thereforebased on the use of a FACR. The FACR assumes that the relationship between acute
and chronidoxicity for each species is constaAtceptable ACRsire averaged acrotsxato
calcubtethefinal overallrelationship between the acute and chromigcity values Since
freshwater ACRs are used to bolster the calculation of the FACR, due to only one
estuarine/marine gemlsvel ACR being available, this creates an additional unceytairihe
estuarine/marine FCV.

Theestuarine/marin€AYV is also hampered by the lack of a statistically defensible
salinity-toxicity relationship to normalize the acute d&unce the FAV is divided by the FACR
to calculatethe FCV, the FAV may not bepeesentative of the true toxicity of cadmium across

various salinity gradients (i.e., may beder protectiven low salinity waters).
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5.6 Bioaccumulation

Test level ibconcentratiorfactors (BCFs) for cadmium in freshwaté&ppendix G)
range from 3 fobrooktrout muscle (Benoit et al. 1976) 6,6 for theamphipodH. azteca
(Straus 2011 Fishtypically accumulatenly small amounts of cadmium in musclecaspared
to most other tissues and organs (Benoit et al. 19&6galang and Freeman 1938rvinen and
Ankley 1999). However, studies summarized by Jarvinen and Afk899) showed that the
skin, spleen, gill,if, otolith and bone also have low bioconcentrafamtors. Sangalang and
Freeman (1979) found that cadmium residues in fish reach stéatdgnly after exposure
periods greatly exceed 28 daixs.magnaand presumably oth@rvertebratesvith about the
same body sizavere found taeach steadsgtate within a few days (Poldosk®79).

Cadmium accumulated by fish from water is eliminated slowly (Benoit et al; 1976
Kumadaet al. 1980), but Kumada et al. (1980) found that cadmium accumulated from food is
eliminatedmuch more rapidlyWhenall variables, except temperatuaee kept the same,
Tessier et al. (1994#&)und that increased exposure temperature generally increagetetiog
soft tissue bioconcentratidar the snail Viviparus georgianusbutnotfor the musselElliptio
complanata Poldoski(1979) reported that humic acid decreased the uptake of cadmibm by
magna but Winner (1984}lid not find any effect. Ramamoorthy and Blumhagen (1984)
reported that fulvic and humic acigereasedhe uptake of cadmium by rainbow trout.

The only BCF reported fomeestuarine/marinésh is a value of 48 from a 2day
exposure omummichog(Eisler et al. 1972)Appendix 1). However, amongine $ecies of
invertebrategor which values were availahlthe BCFs range from 22 8160 for whole body
and from 5 to 2,040 for musclégpendix G). The highest BCI3,160)was reportedor the
polychaeteOphryotrocha diademéKlockner 1979) This BCF wasreachedafter sixtyfour
days exposure using the renewal techritposvevertissue residues had not reaclstdadystate
at the end of the exposure period

BCFs for four species @stuarine/marinbivalve molluscs rangeidely, from 113 for
the blue mussdlGeorge and Coombs 1977) to 2,150 for the eastern oyster (Zaroogian and Cheer
1976).The range of reported BCFsatsolarge for soméndividual speciesk-or example,wo
studies with the bay scallop resulted in BCFs of 168 (Eisler et al. 1972) andR¢340 and
Stewart 1980) and three studies with the blue mussel reported BCFs of 113, 306, and 710
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(Appendix G andAppendix 1). Georgeand Coombs (1977) studied the importance of metal
speciation on cadmiuccumulation in the soft tissuesM¥tilus edulis Cadmium complexed
as CdEDTA, Cdalgnate,Cd-humate, and Ggectate Appendix |) was bioconcentrated
(directly taken up from watest twice the rate of inorganic cadmiyAppendix G). Because
bivalve molluscs usually do not reach steathte, comparisons betwegpecies may be
difficult, and the length of exposure ynlae the major determinaaot the BCF.

BCFs for five species @stuarine/marinerustaceans range from 22 to 307 for whole
body androm 5 to 25 for muscleAppendix G andAppendix 1). Nimmo et al. (1977b)
reported wholébody BCFs o203 and 307 for two species of grass shriRgdaemonetes pugio
andP. vulgaris Vernberg et al(1977) reported 8CF of 140 forP. pugioat 25°C (Appendix
l), andPesch and Stewart (198@ported a BCF of 22 for the same species exposed@t 10
indicating that temperature might beimportant variableleterminng the rate of
bioaccumulationThe commercially important crustaceans, the pink shrimp and lobster, were not
effective bioaccumulators of cadmium with factors of 57 for whole body and 25 for muscle,
respectively Appendix G andAppendix I). It should be noted that the inverse relation
relationship between BCF and exposure concentration explains much of the variation in the
observed BCFs (McGeer et al. 2003; DeForest et alf)200

5.6.1 Uncertainty with cadmium exposure routes

As reported in the literature, aquatic organisms can accumulate cadmium from both
agueous and dietary exposure routes. The relative importance of each, however, is dependent
upon the species. The filter feediclgdocerarCeriodaphnia dubiavas found to accumulate
more cadmium from water than diet, and at a more rapid rate (Sofyan et a&). B¥yata et al.

(20021) observed during 24hour laboratory water exposure experiment begbhnia magna

juveniles accmulated approximately twice as much cadmium from laboratory water exposure
than from an algal food diet. Water exposure accounted for over 50 percent of the cadmium body
burden in the isopoAsellus aquaticugvan Hattum et al. 1998). Fisher et al. (20fa@)nd that in
Acartia tonsaapproximately 60 percent of the cadmium was assimilated from water and 40
percent from food. The same trend of accumulating over 50 percent of cadmium from water was
observed for the clatlacoma balthicgHarvey and Luoma 19&$ and the blue mussMytilus

edulis(Borchardt1983).In contrast, tt, rather than water, accounted for more than 50 percent
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of cadmium accumulated in the predatory ins€ttaoborus punctipenn{®lunger and Hare
1997),Cryptochironomusp. andSialis \elata(Roy and Hare 1999), the water miiennesia
maculate the caddisflyMystacicks spp(Timmermans et al. 1992), and in five of the seven
stonefly species evaluated by Martin et al. (2007). Diet also accounted for most (>95%) of the
observed cadmiumgsue burden of mayflies in the field (Cain et al. 20Th)s field
observation is consistent with the observationXiefet al. (2010)whonoted that periphyton is
often a sink for cadmium in aquatic environments. In a natural lake experiment, Stepdetso
Turner (1993) found that the grazing amphipddalella aztecalerived more than half (58%) of
accumulated cadmium from periphyton, when compared to the aqueous exposure route. In a
different lake experimentainbow trout and lake whitefisiCbregomns clupeaformis
accumulated approximately five times as much cadmium from the food only exposure relative to
the water only doseHarrisonandKlaverkampl1989). Mebane (2006) summarized the
contribution of aqueous versus dietary cadmium exposure todhedoimulation observed in
various aquatic organisms and found the same species spétgfiencesIn summary the
primary route of cadmium accumulation varies among species, with no discernable pattern.
The specific tissues/organs affected in an aquaganismarealsodependent on the
exposure route. Wang and Fisher (1996) noted that bivalve molluscs primarily accumulate
dissolved cadmium across the gills, and particulate forms via the gut, suggesting that cadmium
speciation influences exposure roatel the subsequent tissues and organs affected. In
crustaceans, aqueous cadmium can be adsorbed to the body surface or taken up internally by
ingestion, passive diffusion, or facilitated transport (Wang and Fisher 1998). For example,
dissolved cadmium addus onto the chitosan exoskeleton of pelagic and benthic crustaceans
(Hook and Fisher 2001; Mohlenberg and Jensen 1980), or inert chitin surfaces of insects (Hare
1992), where it is rendered unavailable to interfere with internal metabolic processedrdstco
ingested cadmium can accumulate into internal tissues potentially interfering with a variety of
metabolic and reproductive processes, such as egg production in copepods (Hook and Fisher
2001). Cadmium assimilated from food is stored in the ssfi¢i®f the oysteCrassostrea gigas
(Nassiri et al. 1997). Norway lobstefdgohrops norvegigaaccumulated aqueous cadmium
primarily in their gills and digestive gland, with most of the dietary cadmium deposited in the

digestive gland (Canli and Furne€9b). The freshwater crayfigkstacus leptodactylusxposed
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to cadmium in water accumulated the greatest amount of cadmium in the hepatopancreas, with
lesser amount in the gills, exoskeleton and abdominal muscles (Guner 2010).

In fish, uptake of dissolvecadmium is mainly across the gills, the primary site of toxic
action, followed by transport to different organs (Wang and Fisher 1996; Wood et al. 2012).
Accumulation of dissolved cadmium by the gills can be by either passive (diffusion) or active
(pump)transport (Neff 2002). Fish exposed to cadmium in the presence of food initially absorb
cadmium in the intestinal tract and to some degree the stomach, and subsequently transfer it to
other tissues via the circulatory system (Wood et al. 2012). Wataecadmium primarily
accumulated in the gills of rainbow trout and lake whitefidar(isonandKlaverkampl1989),
the kidney of brook trout (Sangalang and Freeman 1979) and Nile Dapoachromis niloticus
(Cogun et al. 2003), and the liver of the pepahnca fluviatilis(Edgren and Notter 1980). In
comparison, cadmiurapiked food accumulated mainly in muscle and the intestinal tract of
rainbow trout (Kumada et al. 1980) and in the intestine, kidney and liver of tAagailla
anguilla (Haesloop and Satmer 1985).

In an effort to determine the most toxic exposure routeynaber of investigators have
compared the adverse effects of cadmium to organisms exposed separately to both aqueous and
dietary cadmium. Hook and Fisher (2001) reported that dietqggsure of marine copepods
(Acartia hudsonica and A. tonst cadmium was approximately 200 times more toxic than an
agueous exposure. Marine copepod reproduction significantly decreased at 0.5 pg/L dietary
cadmium (algal food at 7.19 pug Cd/g dw), buvas notaffected when the animals were exposed
to dissolved cadmium at a similar concentration (reported aqueagy®lCl2.4 pg/L). The
hatching rate, ovarian development and egg protein content all decreased at the dietary effect
level, suggesting thahe process of yolk development (vitellogenesis) was affected. The more
than twaefold difference (dietary LOEC of 0.5 pg/L vs. aqueous LOEC of >1.12 pg/L) in effect
levels is likely due to the adsorption of aqueous cadmium to the exoskeleton whieneyélis
unavailable, whereas the fobdrne cadmium accumulates in internal tissues and disrupts
metabolic and reproductive processes.

Irving et al. (2003) exposed grazing mayfly nympBastis tricaudatusto cadmium
contaminated diatom mats during adsy partial lifecycle experiment and observed
significantly reduced grazing and growth at 10 pg/g cadmium (LOEC). The corresponging 96
LCso determined for this was 1,611 pg/L. When evaluating the m&gilytroptilum triangulifer
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Xie and Buchwalter (2Q1) found that larvae exposed to dietary cadmium had significantly
suppressed catalase and superoxide dismutase activities. Aqueous exposed larvae with similar
cadmium tissue levels, however, had normal antioxidant enzyme activity. As shown by these
studies aqueous cadmium is adsorbed onto the chitin surface and potentially rendered
unavailable to disrupt metabolic processes, whereas thebfiroe cadmium accumulates in

tissues and organs, and if not sequestered or detoxified,interdigérewith a variey of

metabolic and reproductive processes.

Female goldfish@arassius auratyswere exposed to dietary cadmium for three years by
Szczerbik et al. (2006) and the authors reported that the highest food dose of 10 mg/g (wet wt.)
inhibited growth, disruptedehavior, prevented ovulation and decreased the ges@adatic
index. The lack of ovulation was due to disrupted oocyte develogmest likely at the stages
of vitellogenesis and oocyte maturatiptijereby suggesting the site of toxic action. The only
water exposure effects data available for this speotesa 53day reduced plasma sodium
LOEC of 44.5 ug/L, a -flay LG of 170 pg/L, and a SMAV (9éhr) of 1,656ug/L.

Understanding the toxicological link between accumulated cadmium tissue levels and
observation of adverse effects remains difficult to characterize, and therefore has received
considerable interest in recent years (Adams et al. 2011; Mebane 2006; Wood et al 2012). The
poorly understood link between cadmium tissue levels and correspondergaeéffects is in
part due to the various mechanisms utilized by different species to detoxify and/or sequester
cadmium, thereby rendering it biologically unavailablevéll-known and widespread cadmium
detoxification mechanism is the production of rhbtading proteins (e.g., metallothioneins) by
a number of invertebrates and fish in response to a metal exposure. As pointed out by Mebane
(2006), it is unclear if the cadmium accumulated in the kidneys of fish is bioavailable or
sequestered. Thereforbgtlink between total cadmium tissue levels and adverse effects is
difficult to quantify since the majority of accumulated cadmium may be in a detoxified form
(Wood et al. 2012).

A summary of tissue residue levels for various aquatic organisms indidatipgesence
or absence of adverse cadmium effects is prov
data reviewed on effects of cadmium tissesidues in fish and invertebrates were insufficient to
analyze quantitatively similarly to data on the efecto f wat er bor ne cadmi um.

data compiled by Mebane (2006) for various studies indicate that different fish species can
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tolerate gill tissue residues ranging from 2 to 30 mg Cd/kg dw (Benoit et al 1976; Farag et al.

2003), whereas brook trout fea died during spawning after exposure to 5.1 mg Cd/kg dw

(Benoit et al. 1976). Likewise, kidney residue levels ranging from 10 to 94 mg Cd/kg dw

produced no adverse effects, yet 50 mg Cd/kg dw also resulted in brook trout mortality during
spawning (Benaiet al. 1976; McGeer et al. 2000). In addition, mayfly adverse effects were

reported at whole body residues of 2 mg Cd/kg dw, while no effects were observed at 30 mg

Cd/ kg dw (Besser et al. 2001; Birge ievmed al . 20
on bioaccumulation and effects of dietary exposures to cadmium indicate that at chronic criterion
concentrations, cadmium is unlikely to bioaccumulate to tissue residue levels expected to cause
obvious adverse effects to aquatic invertebrates arfish Adams et al . (2011) |
aguatic organisms contain a diverse array of homeostatic mechanisms that are betnthetal
speciesspecific, and therefore the risk to the aquatic organism could not be determined by
whole-body tissue residuevels for metals, further suggesting a tisbased cadmium criteria

may not accurately reflect ecotoxicological effects of cadmium undewadd exposure

scenarios at the nationiavel.

5.7 Effects onAquatic Plants

Ninety acceptableadmium toxicitytestsfrom 66 studiesre availabldor a large number
of freshwateralgae andvasculamplant specie§Appendix E). These testlastedanywherdrom 4
to 32 days anda reduction irgrowthwas themostprominenttoxic effectobservedCadmium
effect concentration®r mostfreshwater aquatic algae and plant spesiesewell above 50
€ g {ahd cadmium does not appear to be algi@talconcentratiotess thar250,000e g / L
(Appendix E). However, sveraladverse effect concentratioae in the rangknown to cause
chronictoxicity to aquatic life For examplethe growth rate of the diator@sterionella formosa
was reduced by an order of magnitude at@ / while the growth Eg; for the green alga,
Chara vulgarisis 9.5¢ g [(Appendix E). Similarly, a significant reduction ithe number of
fronds of two aquatic vascular plant speclesnnavaldivianaandSalvina natansoccurredat
10e g /ahd the MATC for growth of war lettucePistia stratiotesis 12.72 g /AL
comparison of th&reshwater plant and animal dgugesented in this documesieémonstrated that

the lowest toxicity values for fish ardjuaticinvertebratespecies are lower than the lowest
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toxicity valuesfor plants. Thus, water quality criteria which protect freshwater animals should
alsoprotect freshwater planed afinal freshwateiplant value washereforenot calculated.
Toxicity values are available fdi0 species oestuarine/marindiatoms five species of
green microalgae, one dinoflagellate species, and eight speciesmfalgadAppendix F).
Concentrations causing fifty percent redoics in the growth rates diatoms range frors0
€ g / LChéetoceros calcitranandlsochrysis galban#o 7,560,00 ¢ g /Phaeddactylum
tricornutum Green algae were the most sensiipeciego cadmium, with reduced chlorophyll
production observedf Dunaliella viridisandScenedesmus .sit 7.071e g /cddmium.The
brown macroalga (kelp) exhibited migdngesensitivity to cadmium, with an &g that ranged
from 355.5t0>1,124 g/ L. T h e msiusrine/nsagnmacroalgadested washe red
alga,Champia parvulawith significant reductions in the growth of both te&asporophyte
pl ant and femal e pl anestuaone/marimplant and animnél daka@re 8 € g/ L
also compared, and the most sensitive plant speCigsafwla) is more resistant than tingost
sensitive animal speci@s chronic testsTherefore, water quality criteria for cadmium that
protectestuarine/marinanimals should alsprotectestuarine/marinplant and dinal

estuarine/marinplant value washereforenot calculated.

5.8 Protection of Listed Species

The dataset foradmiumis particularly extensive and includes data representing species
that are Federallisted as threatened or endangered by the U.S. Fish and Wildlife Service and/or
NOAA National Marine Fisheries Service. Summaries provided here biegphe best
available data for the~ederallylisted speciethat have been tested for sensitivity to cadmium

demonstra thatthe 2016 cadmiumcriteria update is protective of thesstedspecies.

5.8.1 Acute toxicity datafor listed species

There aranine Federallylistedfreshwater specieand one estuarifimarine speciethat
have acceptable acute toxicity ddEsght of these species are fish and onafieshwater mussel
(Table 20). All of the freshwater data has been normalized to a hardness of 100 mg/L to
facilitate comparison to the acute critevelue expressed at thadrdness.

The least sensitive of thastedfreshwatespecies arbonytail chubGila elegansand

razorback suckeiyrauchen texanysvith normalized SMAVs 080.38and76.02ug/L total
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cadmium, respectivelyAppendix A). AnotherListedfish from the familyCyprinidag Colorado
pikeminnow(Ptychocheilus lucigshad a similar level of sensitivityith a normalized SMAV
of 46.79ug/L total cadmiumThis speaes was much more sensitive to cadmium than the non
Listednorthern pikeminnowRtychocheilus oregonensighich isin the same genwnd hasa
normalized SMAV o#,265ug/L total cadmiumAll three endangered species were tesidtie
laboratoryatthe U.S. Geological Survey Yankton, South Dakota, with laboratory test
conditions designed to replicate conditions present in the Green RiveButal1997).0One
endangered freshwater mussel, Neosho mutlkensilis rafinesquearnahas a normalized
SMAV of 44.67ug/L total cadmium, indicating sensitivitythat falls within the range d@hree
other freshwater musssgbecieswvithin the genuswith normalized SMAVs ranigg from 93.17
(Lampsilis straminea claibornengit 35.73(Lampsilis siliquoideppg/L total cadmium
(Appendix A). All of these SMAVs are an order of magnitude higher than the freshwater acute
cadmium criteria value

The most sensitiveisted freshwateispecies with acceptable acute toxicity data are all
from the family Salmonidad.hree species from the gendacorhynchusad normalized
SMAVs that ranged fror.727to 11.88ug/L total cadmiumThe bull trout,Salvelirus
confluentuswas almost as sensitive as the rainbow t©atorhynchus mykissvith a
normalized SMAV o#.190ug/L total cadmium(O. mykissSSMAV of 3.727ug/L total
cadmium).As recommended by the 1985 Guidelines, the freshwater FAV for total cadmium at a
hardness of 100 mg/L was lowered3t@27¢ g /(3L518¢ g /dissolved cadmiumip protect the
commercially and recreationally important rainbow travhich also addresses thisted
steelhead troufThis lowered FAV and resultant CMC df.8 ug/L dissolved cadmiurgielded
by the 1985 Guidelines procedure of dividing thegdRased FAV by a factor of, & also
protective ofthebonytail chub, razorback sucké&oploradopikeminrow, and the freshwater
mussel, Neosho mucket, whiaheless sensitive than all tested species with acceptable acute
toxicity data from the family Salmonida€he FAV/2 approach was developed to estimate
minimal effect levelswith approximately equatontol mortality limits, based on analysis of
219 acute toxicity tests on a range of chemicals, as describedradbeal Registeon May 18,
1978 (43 FR 215048).

Several life stages of the white sturgeAoipenser transmontanugere exposed in

flow-through measured exposures@gifee et al. (2014) and Wang et al. (2814 he most

105



sensitivdife stagewere the 61 day post hatch fish with a fu&finitive normalized acute value
of <33.78ug/L total cadmiumHowever, all other tedife stagesvere much less sensitive with
normalized effect concentrations that ranged frdrh.65to >355.0ug/L total cadmium
(Appendix A).

While the 96hr acute and -d chronic toxicitytestsfor thefountain darteriztheostoma
fonticola conducted by Southwest Texas State University (20@)atedthis species was very
sensitivethe study wasdetermined to banacceptable for inclusion in the core datészause
the test speciasasfed in theacutetestandthe duration was too shddr the chronictestto be
included(Appendix H). While this specis is endemic to Texas ahdsa very limited
distribution the genu&theostomahas severdlistedspecies and widespread distribution across
the United StateDespite tiesedata being unacceptable for inclusion in the core criteria dataset
it is noteworthy that th&.8 ug/L acuteand0.72ug/L chronicdissolved cadmium criteria are
protective of this specieéThe reported L& was 9.62 pg/Ldissolved cadmiurfor this testand
found to be unacceptable for use in criteria derivatioe chronic values were in the 1.4 to 11.5
Mg/L range)

The nottled sculpin Cottus bairdi) represergthe most sensitive of the acutely tested
freshwaterspecies with acceptable toxicitata Similarly, shorthead sculpirC( confusupis
also very sesitive. Although C. bairdii andC. confususrenot Listed freshwater speciethe
grotto sculpin Cottus specyss Listedasendangered anthe pygmy sculpin Cottus paulukis
Listedas threatenedsrotto sculpinare foundn five cave systems and tvgorface streams in
Perry County, Missouyriwhile pygmy sculpins endemic to Alabamalthough no direct
toxicity data are availabl®r either of these sculpin speci€s bairdiiandC. confusuad
normalized SMA\s of 4.418and4.404ug/L total cadmiumrespectively Dividing theGMAV
for Cottusby two, which isconsistent with the procedure used to deriveQNEC from the FAV
as indicated aboyeesults in a concentration f205ug/L total cadmiun{or 2.082ug/L
dissolved cadmiumvhich isa concentration thag expected to result in suwal that is no
different fromthe test controlsThis normalized concentratiamslightly higher tharihe 2016
freshwatelCMC of 1.8 g/ L d icadmion] baseddon a hardness of 100 mgd.CaCQ
The available data suggeste 2016 freshwateilCMC would beprotective of theskisted species.

Coho salmorfOncorhynchus kisutgtsmolts tested in natural filtered seawater with

28.83 g/kg salinity were relatively insensitive to cadmium, witlh@s, of 1,500 pg/L total
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cadmium (Dinnel et al. 1989). The estuarine/marine CM&3qfg/L total cadmium would be

protective of this species.

Table 20. Acute Summary of Listed Species Tests.

Number of Range of normalized acute SMAV

normalized acute values (ng/L)

Species values (Hardness=100 mg/L) (total cadmium)
Freshwater - Acute
Neosho mucket, 1* 44.67 44.67
Lampsilis rafinesqueana
Bonytall, 2 75.45- 85.64 80.38
Gila elegans
Razorback sucker, 2 70.86- 81.56 76.02
Xyrauchen texanus
Coloradopikeminnow 2 39.76- 55.06 46.79
Ptychocheilus lucius
Coho salmon,
Oncorhynchus kisutch 4 8.137-77.03 11.88
Rainbow trout, 56 1227->1138 3.727
Oncorhynchus mykiss
Chinook salmon,
Oncorhynchus tshawytscha 8 5.068->109.6 5.949
Bull trout, 6 2.891- 9.390 4.190
Salvelinus confluentus
White sturgeon, 7* >11.65- >355.0 <3378
Acipenser transmontanus
Estuarine/Marine i Acute

Coho salmon,
Oncorhynchus kisutch 1 1,500 1,500

* Indicates new speciascluded sincghe 2001 cadmium document.

5.8.2 Chronic toxicity data for listed species

FourListedfreshwater fish in the family Salmonidespresenting two genera
(OncorhynchusindSalmq have acceptablehronic toxicity data for cadmiurfTable 21). Of
the 20 genera in the Ranked SMCV Tablesét@o genera are rankesgventh aneight,
respectively Table 9). The Chinook salmor(. tshawytscheand rainbow trout@. mykis}
have similar normalized SMC\WH 4.426and2.192ug/L total cadmiumbased on early life
stage growth andurvival, respectivelyinsufficient detail was reported for Coho salm@n (
kisutch, the thirdListedspecies in tis genusthusa normalized Eg could not be calculated. A
normalized SMCV based on the two MAT&ported for Coho salmomould be7.467ug/L
total cadmium Appendix C). The most sensitive endangered freshwater species, Atlantic
salmon Salmo salay, had a normalized SMCV &389ug/L total cadmiumwhich is
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somewhat more sensitive thiarown trout Salmo truttd, theother species in the genul of
these freshwater fish specm® expected tbe adequately protected at the freshwater CCC of
0.80pg/L total cadmium.

Mottled sculpin(Cottus bairdi) represent the third most sensitive of the chronically
tested freshwater species with acceptable toxicity data. As discussed in the preceding section
(Section5.8.7), althoughC. bairdii is not alListed species, grotto sculpirCpttus specyss
Listedas endangered and pygmy sculg@oitus paulukis Listedas threatened. bairdii had a
normalized SMCV of..470ug/L total cadmium This normalized concentration is above the
2016freshwater CC of 0.72¢ g/ L d icadmmiom basedlon a hardness of 100 nag/L
CaCQ The2016freshwater CC is expected to bprotective of these speciékhereareno
acceptable chronic toxicity data for estuarine/makisgedspecies.

Table 21. Chronic Summary of Listed Species Tests.

Number of chronic Range of normalized chronic

Species values values

Freshwater - Chronic
Coho salmon, > 4.0461 13.78
Oncorhynchus kisutch (MATCs)
Rainbow trout, 12 0.7962i 6.989
Oncorhynchus mykiss (ECy;sand MATCY
Chinook salmon, 1 4.426
Oncorhynchus tshawytscha (ECy)
Atlantic salmon, 3 2.3891 392.5
Salmo salar (ECye8)

5.9 Comparisonof 2001 and2016Criteria Values

5.9.1 Comparison of acute freshwater criterion to 2001document

The 2001 cadmium freshwater acute criterion was based on data from 39 species of
invertebrates, 24 species of fish and 1 species each of salamander and frog for a total of 65
species grouped into 55 geneftalfle 22). This2016updatenow include 66 species of
invertebrates33 species of fish, one salamander speciespaedrogspecies for a total df01
species grouped inftb genera.

Of the75 Genus Mean Acute Values (GMAV) in the updated dat&88ajenera have
new data for either species represented in the 2001 database or new species added to the GMAV
calculation n this updatéTable 7). A newgenusn the updated dataset, sculp@oftug, also

represents theecondmost sensitivgieneran the distribution with a GMA\Wf 4.411ug/L
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(normalized to a total hardness of 100 mg/L as CACIdie most sensitive invertebrajenuss

represented bthe amphipodyalella aztecawith a normalizedsMAV of 23.00ug/L.

Table 22. Freshwater GMAVs Comparing Species Listed in the 2001 ar2D16 Documents.

(Note: All data adjusted to a total hardness of 100 mg/L as ¢aCO

(Values in bold new/revised data since the 2001 AWQC).

2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
Midge, New species added to GMAV
49,052 195,967 Chironomus plumosus i 15,798 calculation
Midge, Revised the effect concentration from
i ) Chironomus riparius 195,967 | >152,301 | \viliams et al. 1985
Common carp, . :
30,781 8,573 Cyprinus carpio 8,573 30,781 New data for existing species
Nile tilapia, New species added to GMAV
26,837 21,569 Oreochromis niloticus i 66,720 calculation
Mozambique tilapia, - .
- - Oreochromis mossambica 21,569 10,795 New data for existing species
Planarian, Acute value edited from reeview of
26,607 28,454 Dendrocoelum lacteum 28,454 26,607 Ham et al. 1995
Mayfly,
22,138 - Rhithrogena hageni - 22,138 New genus
) Little green stonefly, i
>20,132 Sweltsa sp. >20,132 | New genus
12,100 | 13,146 | Mosquitofish, 13,146 | 12,100 .
Gambusia affinis
Oligochaete, - .
11,627 4,754 Branchiura sowerbyi 4,754 11,627 New data for existing species
11,171 | 12,479 | Oligochaete, 12,479 | 11,171 -
Rhyacodrilus montana
11,045 11,002 Threespine stickleback, 11,002 11,045 i
Gasterosteusaculeatus
9,017 | 10,225 | Channel catfish, 10,225 | 9,917 -
Ictalurus punctatus
9,752 | 10,804 | Qligochaete, 10,894 | 9,752 .
Stylodrilus heringianus
Mayfly,
7,798 - Hexagenia rigida - 7,798 New genus
7,752 | 8551 | Greensunfish, 5997 | 6276 i
Lepomis cyanellus
: . | Bluegil, 12,194 | 9,574 i

Lepomis macrochirus
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2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
7,716 7,762 | Red shiner, . 7,762 7,716 -
Cyprinella lutrensis
7,037 7.861 | Qligochaete, 6,933 6,206 -
Spirosperma ferox
i ) Oligochaete, _ 8.913 7.979 i
Spirosperma nikolskyi
Yellow perch,
6,808 ) Perca flavescens i 6,808 New genus
Earthworm, . .
6,738 7,527 Varichaetadrilus pacificus 7,527 6,738 (formerly, Varichaeta pacifica
5.047 6,344 White sucker, ) 6.344 5947 )
Catostomus commersonii
5674 | 6,33 |Oligochaete, 6,338 | 5,674 .
Quistadrilus multisetosus
Flagfish,
5,583 5759 | jordanella floridae 5,759 5,583 i
4929 | 4981 |CGUPPY. 4981 | 4,929 .
Poecilia reticulata
4,467 | 4607 | MY, . 4607 | 4467 ]
Empherella subvaria
4,193 2,753 Tubificid worm, 2,753 4,193 New data forexisting species
: : Tubifex tubifex : ’ gsp
3350 | 3439 |Amphipod, | 3439 3,350 -
Crangonyx pseudogracilis
) Copepod, i
3121 Diaptomus forbesi 3121 New genus
Zebrafish,
2,967 - Danio rerio - 2,967 New genus
2,231 3,093 African clawed frog, 3,093 2,231 New data forexisting species
' ' Xenopus laevis ' k gsp
Crayfish, i New species added to GMAV
1,983 3,536 Procambarus acutus 812.8 calculation
i ) Crayfish, i 6.592 New species added to GMAV
Procambarus alleni K calculation
Red swamp crayfish, - .
- - Procambarus clarkii 3,536 1,455 New data forexisting species
1656 | 1,707 | Goldfish, 1,707 | 1,656 :
Carassius auratus
>1,637 - Caddisfly, - >1,637 New genus

Arctopsyche sp.
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2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
1,593 | 1568 | Oligochaete, | 1,568 1,503 .
Limnodrilus hoffmeisteri
Fathead minnow, Same studies but only used F,M tests
1.582 59.08 Pimephales promelas 59.08 1,582 calculate GMAV
1,023 1,055 Northwestern salgmander, 1,055 1,023 i
Ambystoma gracile
983.8 9550 | !SOPOd, . 955.0 983.8 | (formerly, Asellus bicrenath
' ' Caecidotea bicrenata ' ' '
Snail,
>808.4 - Gyraulus sp. - >808.4 Newgenus
Lake whitefish,
651.3 ) Coregonus clupeaformis i 6513 New genus
530.7 | 5253 | DrYozoa, . 5253 | 539.7 :
Plumatella emarginata
501.7 | 5001 | ¢ladoceran, 500.1 | 501.7 :
Alona affinis
4530 | 4516 | Cyclopoid copepod, 4516 | 4530 :
Cyclops varicans
Pond snail,
427.9 - Lymnaea stagnalis - 427.9 New genus
Planarian,
410.4 ) Dugesia dorotocephala i 410.4 New genus
3925 | 3895 |Leech 3895 | 3925 .
Glossiphonia complanata
) Mayfly, i
3504 Baetis tricaudatus 3504 New genus
346.6 | 337.4 | oY0z0a, y 337.4 | 346.6 .
Pectinatellamagnifica
2750 | 2642 | Norm. : 264.2 275.0 -
Lumbriculus variegatus
New species foexistinggenus, but ten
Snall, fold difference in SMAVs for the genug
208.0 202.6 Physa acuta i 2,152 only mostsensitiveSMAV used in
GMAV calculation
: .| Pouch snall, 202.6 208.0 .
Physa gyrina
204.1 2103 | Shall, 210.3 204.1 -
Aplexa hypnorum
154.3 159.2 | Amphipod, : 159.2 154.3 -
Gammarus pseudolimnaey
145.5 - Worm, - 145.5 New genus

Nais elinguis
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2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
Hydra,
120.1 - Hydra circumcincta - 184.8 New genus (formerlyHydra attenuata
Hydra
i i Hydra oligactis i 154.8 | New genus
Green hydra,
i ) Hydra viridissima i 38.85 New genus
Hydra,
- - Hydra vulgaris - 187.1 New genus
Cladoceran,
1031 ) Diaphanosoma brachyurun i 1031 New genus
99.54 | 97.98 |'Sopod, 97.98 | 99.54 :
Lirceus alabamae
Cravfish Tenfold difference in SMAVs for the
9467 | >23,632 Orcznec'tes N— >23,281| >22,578 | genus, only mostensitiveSMAV used
in GMAYV calculation
i ) Crayfish, i 134.0 New speciesdded to GMAV
Orconectes juvenilis ' calculation
i ) Crayfish, i 66.89 New species added to GMAV
Orconectes placidus ' calculation
) Tenfold difference in SMAVs for the
Crayfish, & | .
- - Orconectes virilis 23,988 22,80 genus, only mosﬂ_ensmveSMAV used
in GMAYV calculation
Cladoceran,
86.51 87.16 Moina macrocopa 87.16 86.51 -
8038 | 78.32 |Bomval, 7832 | 80.38 .
Gila elegans
76.02 | 74.08 | Razorbacksucker, 7408 | 76.02 .
Xyrauchen texanus
7428 | 7229 |BYOZO3R, . 7229 |  74.28 :
Lophopodella carteri
Cladoceran, . .
73.67 72.61 Ceriodaphniadubia 63.46 64.03 New data for existing species
Cladoceran,
i ) Ceriodaphnia reticulata 83.08 84.76 i
Mussel, - .
71.76 86.82 Utterbackia imbecillis 86.82 71.76 New data for existing species
7076 | 7116 | Southernrainbowmussel,| 7, 1 | 7076 :
Villosa vibex
68.51 - Muss_el, - - 68.51 New genus
Lasmigona subviridis
67.90 68.38 | Mussel, 68.38 67.90 -

Actinonaias pectorosa
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2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ng/L) (ng/L) Species (ug/L) (ug/L) Comment
Cladoceran, New species added to GMAV
61.42 5044 Daphnia ambigua i 2481 calculation
New data forexistingspecies and Attar
i ) Cladoceran, 2714 40.62 and Maly(1982 was not used to
Daphnia magna ' ' calculate SMAV, see Unused data
(Appendix J)
Cladoceran, - .
- - Daphnia pulex 93.77 109.2 New data for existing species
i ) Cladoceran, i 129.3 New species added to GMAV
Daphnia similis ' calculation
5771 | e1.10 | Siadoceran, 61.10 57.71 -
Simocephalus serrulatus
Neosho mucket, i New species added to GMAV
51.34 68.29 Lampsilis rafinesqueana 44.67 calculation
i ) Fatmucket, i 35.73 New species added to GMAV
Lampsilis siliquoidea ' calculation
Southern fatmucket,
- - Lampsilis straminea 96.44 93.17 -
claibornensis
i ) Yellow_s_,andshell, 4835 2671 i
Lampsilis teres
Colorado pikeminnow Tenfold difference in SMAVs for the
46.79 452.6 P Lo 45.59 46.79 genus, only mostensitiveSMAYV used
Ptychocheilus lucius ; ;
in GMAYV calculation
i Northern p_|ke minnow, 4.493 4.26% i
Ptychocheilus oregonensis
Acipense| White sturgeon, i
<33.78 r Acipenser transmontanus <33.78 New genus
) Amphipod, i
23.00 Hyalella azteca 23.00 New genus
Mountainwhitefish,
>15.72 ) Prosopium williamsoni i >15.72 | New genus
Cutthroat trout, i New species added to GMAV
6.141 7.760 Oncorhynchus clarkii 5401 calculation
Coho salmon,
i ) Oncorhynchus kisutch 12.58 11.88 i
- - Rainbow trout, . 4.265 3.727 New data for existing species
Oncorhynchus mykiss ' '
Chinook salmon No new data, but only the most
- - ' | 8.708 5.949 sensitive life stage used for SMAV
Oncorhynchus tshawytsch: .
calculation
5931 | 5.916 |oUipedbass, 5916 | 5931 :

Morone saxatilis
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2016 2001 2001 2016
GMAV?® | GMAV SMAV SMAV

(ug/L) (ug/L) Species (ug/L) (ug/L) Comment

Brown trout,

5.642 3.263 Salmotrutta

3.263 5.642 New data for existing species

Mottled sculpin,

4411 - Cottus bairdii - 4.418 New genus

Shorthead sculpin,

) i Cottus confusus - 4.404 | New genus

Tenfold difference in SMAVSs for the
4.353 4.190 genus, only mostensitiveSMAYV used
in GMAYV calculation

Bull trout,

4.190 <3971 | saivelinus confluentus

Carroll et al. 1979 was not used to
Brook trout,

- - Salvelinus fontinalis <3.623 3,058 calculate_ SMAYV, see Unused data
(Appendix J)

#Ranked from most resistant to most sensitive based on GenusAdetaValue.
® There is a 10x difrencan SMAVSs for the genus, only most sensitive SMAV is used inGMAV calculation
[The following species were not included in the Ranked GMAYV Table because hardness test conditions were not
reported and therefore toxicity values could not be normalized: LBlegihelopsis obscur&rayfish,Orconectes
limosus Prawn,Macrobrachium rosendrgii; Mayfly, Drunella grandis grandisStonefly,Pteronarcella badia
Midge, Culicoides furensGrass carpCtenopharyngodon idellus

Table 23 provides a comparison of the second to fifth most sensitive @8agenera)
used to calculate the freshwater CMC in 2046AWQC update document compared to the
four most sensitive taxasad to calculate the CMC in the 2001 AWQC document.ZDi&
CMC of 1.9 ug/L total cadmiunis slightly lower tharthe 2.1ug/L total cadmiunCMC given in
the 2001 document, both of which are normalized to a total hardness of 100 mg/L asa@dCO
lowered to protech commercially andecreationally importargalmonid speciesSeveral genera
(Morong Salmq SalvelinusandOncorhynchupare the most sensitive in both the 2001 206
document, but theew genusCottus is nowone ofthe most ansitive in the current update.

One additional difference is th&alvelinus previously the second most sensitive genus
in the 2001 document, is wathe mostkensitivegerusin the2016 document. This is due to the
reassessmennd reclassificatioof the brook trout test by Carroll et al. (1979)ass
unacceptablstudybecause the measureahcentratiorof cadmiumin control water was greater
than the LG value of 1.5 pg/L anthe controhad 100% survival. Elimination of this ls¢
yields the normalized SMAV &,055ug/L based on the studies Byummond and Benoit
(1976) and Holcombe et al. (1988Jowever, since there is greater than &dl@ difference in
the SMAVs for the genus only the SMAYV for the more sensitive spegiasnfluentuswas
used in the GMAYV calculation.
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In addition, the number of GMAVSs used to calculate the CMC increased from 55 in the
2001criteriadocument ta’5in the current updateased orthe addition of the GMVs for

Hydra, worm Nais, planarianDugesa, musselLasmigonasnais LymnaeaandGyraulus,

copepodDiaptomus amphipodHyalella, cladocerarDiaphanosomamayfliesBaetis Hexagenia

andRhithrogenastoneflySweltsacaddisflyArctopsycheand fishAcipenseyCoregonus

Cottus Danio, PercaandProsopium

Table 23. Comparison of the Four Taxa Used to Calculate the Freshwater FAV and CMC
in the 2001 Cadmium Document an®016 Update.

2001 Cadmium Freshwater FAV and CMC 2016Cadmium Update Freshwater FAV and CMC
GMAV® GMAV °
SMAV? | SMAV" [Rank] SMAV ¢ [Rank]
Species (Ho/L) (Ho/L) (Mg/L) | Species (Ho/L) (Ho/L)
Cutthroat trout, 5401
Oncorhynchus clarkii '
Coho salmon,
Oncorhynchus kisutch 1188 6.141
Rainbow trout, [5]
Oncorhynchus mykiss 3.727
Coho salmon, Chinook salmon,
Oncorhynchus kisutch 6.221 12.58 Oncorhynchus tshawytscha 5.949
Chinook salmon, 7.760 | Striped bass, 5.931
Oncorhynchus tshawytscha 4.305 8.708 [4] Morone saxatilis 5.931 [4]
Rainbow trout, Brown trout, 5.642
Oncorhynchus mykiss 2.108 4.265 Salmo trutta 5642 [3]
Striped bass, 5.916 | Mottled sculpin,
Morone saxatilis 2.925 5916 [3] Cottus bairdi 4418 4411
Brook trout, Shortheadsculpin, [2]
Salvelinus fontinalis <1.791 <3623 <3.971 | Cottus confusus 4.404
Bull trout, [2] Bull trout,
Salvelinus confluentus 2182 4.353 Salvelinusconfluentus 4190 4.190°
Brown trout, 3.263 | Brooktrout, [1]
Salmo trutta 1.613 3.263 [1] Salvelinudontinalis 3,058
Number of GMAVs 55 Number of GMAVs 75
FAV (calculated) 2.764 5.590 FAV (calculated) 5.733
FAV FAV
(lowered to protecD. mykis¥ 2.108 4.268 (lowered to protecD. mykis$ 3.r27
CMC 1.054 2.132 CMC 1.9

#Normalized to total hardnes$ 50 mg/L as CaC¢Xusing pooled slope df.0166).
® Normalized to total hardnes$ 100 mg/L as CaCgXusing pooled slope df.0166).
“Normalized to total hardnes$ 100 mg/L as CaCgXusing pooled slope @f.9789.

4 There is a 10x difference in SMAVs for the genus, only most sensitive SMAV is uteelBMAV calculation.
calcul ati on

®Not wused in

FAV
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5.9.2 Comparison of chronic freshwater criterion to 2001document

Of the20 Genus MearChronicValues (GMCV) in the updated datasetinegenera have
new data for either species represented in the 2001 database or new species added@y the GM
calculation in this updat@ able 24). A newspecies in the updated dataset, mottled scufpin (
bairdii) represents theost sensitive fish species and the tinimalstsensitivegenusn the
distribution with a GMCV of 1.470ug/L (normalized to a total hardness of 100 mg/L as GACO
The most sensite invertebrate is the amphipddyalella aztecawith a normalizedsMCV of
0.7453ug/L. There are sufficient data to fulfill the requirements to calculateniccriteria
using species sensitivity distribution (SD) method.

Acceptable data on the chronic effects of cadmium on freshwater animals ihtlude
species of invertebrates ah@ species of fish grouped into 20 gen€ralfle 9). The previous
updated criteria (2001) contained data from 7 species of invertebrates and 14 species of fish
grouped into 16 genera. The update includes dasXoew species added to the dataset,
consisting othe oligochaetd_umbriculusvariegatus fatmucket Lampsilis siliquoideasnail
Lymnaea stagnaljsio Grande cutthroat tro@ncorhynchus clarkivirginalis, mottledsculpin
C. bairdii, and cladocerarCeriodaphniareticulata.

One additional difference between the 2001 document andGh&update is the
estimation of EG values as the chronic endpoint for each acceptable toxicitfEEstvalues
were used to estimate a low level of effect observed in chronic dataset® thaaitable for

cadmium(seeSection2.6, Chronic measures offfect).

Table 24. Freshwater GMCVs Comparing Species Listed in the 2001 arzD16 Documents.
(Note: All data adjusted to a total hardness of 100 mg/L as ¢aCO
(Values in bold new/revised data since the 2AQC).

2016 2001 2001 2016
GMcvV*? GMCV SMCV SMCV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment

Blue tilapia,

>3866 >39.48 !
Oreochromis aureus

>39.48 >3866° | (formerly, Oreochromis aurepn

. Different values used from Niederlehn
Oligochaete,

36.70 34.66 Acolosoma headleyi 34.66 36.70 gt al. .1984 that was a maappropriate
uration
1643 | 2905 | Bluedl, . 2005 | 1643
Lepomismacrochirus
1516 - Oligochaete, - 1516 New genus

Lumbriculus variegatus
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2016 2001 2001 2016
GMcv*? GMCV SMCV SMCV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
1422 1358 | Smallmouth bass, 1358 | 1427 .
Micropterusdolomieu
1417 1352 | Northem pike, 13.52 1417 -
Esox lucius
14.16 27,37 | Fathead minnow, 27.37 14.16 -
Pimephales promelas
1366 13.04 | White sucker, ) 13.04 | 1366 -
Catostomus commersonii
Fatmucket,
1129 ) Lampsilis siliquoidea i 1129 | Newgenus
Pond snail,
9.887 - Lymnaea stagnalis - 9.887 New genus
8723 | ssgge | ladfish, 8.886 | 8723 :
Jordanella floridae
3.516 g.os5 | Snal, 8.055 | 3.516 :
Aplexa hypnorum
Atlantic salmon,
3.360 10.52 Salmo salar 13.24 2.389 -
) ) Brown trout, 8.360 4.725 Newld.ata for existing species, and mag
Salmotrutta sensitive exposurecenariaused
Rio Grande cutthroat trout, :
3251 4.082 Oncorhynchus clarkii - 3543 New species added to GMCV
SO calculation
virginalis
- - Coho salmon, 7.127 NAP See footnote
Oncorhynchus kisutch '
- - Rainbow trout, 2.186 2192 New data for existing species
Oncorhynchus mykiss ' ' gsp
Chinook salmon,
) ) Oncorhynchus tshawytscha 4.366 4426 i
2.356 7.706 | Brookwout, 4.416 2.356 -
Salvelinus fontinalis
Lake trout, b
- - Salvelinumamaycush 13.51 NA See footnote
Cladoceran, - .
2.024 <0.6340 Daphnia magna <0.6340 0.91%0 New data for existing species
- - Cladoc_eran, 10.30 4478 New data for existing species
Daphnia pulex
2.000 4.686 Midge, 4.686 2.000 (formerly, Chironomus tentans
' ' Chironomus dilutus ' ’ '
Mottled sculpin,
1.470 - Cottus bairdii - 1.470 New genus
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2016 2001 2001 2016

GMcv*? GMCV SMCV SMCV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
Cladoceran, - .
1.293 45.40 Ceriodaphnia dubia 45.40 1.293 New data for existing species
- - Cladoceran, - NAP See footnote

Ceriodaphnia reticulata

Amphipod,

0.7453 0.4590
Hyalella azteca

0.4590 0.7453 -

#Ranked from most resistant to most sensitive based on Genus Mean Chronic Value.

® Not included in the GMCV calculation because normalizegyB&taareavailable for the genus.

¢ Calculated from the MATC and not Efbut retained to avoid losing@MCV.

9 Not used in GMCV calculation because species values are too divergent to use the geometric mean for the genus
value, therefore, the most sensitive value used.

[The following species were not included in the Ranked@3M\M able because hardness test conditions were not

reported and therefore toxicity values could not be normalized: MudBogélinopyrgus antipodaruin

Four new genera were added to 2046 chronic freshwater database. The amphipod
Hyalellais the most sensitive in both documents, but the clado€eaadaphniathe mottled
sculpinCottusandthe midgeChironomusare now the second, third and fourth most sensitive
genera in th€016 update Table 9). The change in the four most sensitive genera presented in
the 2016 update is partly due to the inclusion of the new sensitive géatigs but also to the
estimation of the chronic value BC,, analysis and not the MATC (geometric mean of the
NOEC and LOEC) as watonein the 2001 document.

As indicated inTable 25, the2016 freshwatelCCC is abouB timesthe magnitude of the
2001 CCCQ.79vs. 0.27ug/L total cadmiumn) due todifferences in the data uséat the CCC
derivations. As a result, the four lowest GMCVs in 2046 CCC have a smaller range of
variation in values(.7453to 2.000 whencompared to the four lowest GMCVs in the 2001
CCC, which decreases the uncertainty of tA@é&rcentile GMCV estimatiorin the 202 CCC,
there weralsoonly 16 GMCVs in the dataset used to derive the C@Qhe2016 CCC, there
are20 GMCVs used to derive the CCCabed orthe addition of the GMCVs fdhe oligochaete
Lumbriculus snail Lymnaeafatmucket Lampsilisandthe mottled sculpinCottus. The new
GMCVs affect the chronic species sensitivity distribution. The cumulative probdBi)ity
decreases as a function of the increased number of GMCVs and results in an increase in the
FCV.
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Table 25. Comparison of the Four Taxa Used to Calculate the Freshwater FCV and CCC
in the 2001 Cadmium Document an®016 Update.

2001 Cadmium Freshwater FCV and CCC 2016Cadmium Update Freshwater FCV and CCC
GMCV® GMCV°®
SMCV? | SMCV® [Rank] SMCV* [Rank]
Species (Ho/L) (Ha/L) (Mg/L) | Species (Ha/L) (Ha/L)
Midge, 4.686
Chironomus tentans 2804 4.686 [4]
Coho salmon,
Oncorhynchukisutch 4.265 7127
Chinook salmon, 4.082 | Midge, 2.000
Oncorhynchus tshawytscha 2612 4.366 [3] Chironomus dilutus 2.000 [4]
Rainbow trout, Mottled sculpin, 1470
Oncorhynchus mykiss 1.308 2.186 Cottus bairdi 1.470 [3]
Cladoceran, Cladoceran,
Daphnia magna <0.3794 | <0.6340 <0.6340 | Ceriodaphnia dubia 1.293 1293
Cladoceran, [2] Cladoceran, e [2]
Daphnia pulex 6.167 10.30 Ceriodaphnia reticulata NA
Amphipod, 0.4590 | Amphipod, 0.7453
Hyalella azteca 0.2747 0.4590 [1] Hyalella azteca 0.7453 [1]
Number of GMCVs 16 Number of GMCVs 20
FCV (calculated) 0.1618  0.2703 FCV (calculated) 079

#Normalized to total hardnes$ 50 mg/L as CaC¢Xusing pooled slope @f.7490).
® Normalized to total hardnes$ 100 mg/L as CaCgX(using pooled slope @f.7490).
“Normalized to total hardnes$ 100 mg/L as CaCgXusing pooled slope @f.7977).

9Not used in GMCV calculatiohecause species values are too divergent to use the geometric mean for the genus
value, therefore, the mosénsitive value used.
®Not included in the GMCYV calculation because normalizegy E&ta available for the genus.

5.9.3 Hardnesscorrelation and equations for cadmium toxicity adjustment

Hardness is used as a surrogate for the ions that can affect the results of toxicity tests on
cadmium. In spite of its limitations, hardness is currently the best surrogate available for metal
toxicity adjustment. The hardness toxicity relationship apgiiessame methodology

(covariance) as presented in the 2001 update. The haitdesty relationship used to

normalize the data for this revision is described ab&wmmparison of the data used in 2001

and this updates shownin Table 26.

Table 26. HardnessToxicity Relationship Data used in U.S. EPA (2001) Compared to this

Update.
Number of Vertebrates/ | Hardness Range
Sample size | Invertebrates Species (mg CaCGOjL)
2001 Acute 64 715 5.31 360
AWQC Chronic 7 2/1 447 250
Acute 80 7/6 5.371 350
2016Update o onic 18 3/1 19.77 301
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5.9.4 Comparison of acute estuarine/marine criterion to 2001document
Of the79 Genus Mean Acute Values (GMAV) in the updated datd€ajenera have

new data for either species represented in the 2001 database or new species added to the GMAV
calculation in this updat@ able 27). Threenewspecies in the updated datasieemysid,
Neomysisamericana the copepod,Tigriopus brevicornisand moon jellyfishAurelia aurtig
represent théhreemost sensitive species the distribution with GMA 0f28.14,29.14and
61.75ug/L, respectivelyThe most sensitiveish speciess thestriped basdylorone saxatilis
with aGMAV of 75.0ug/L. There are sufficient data to fulfill the requirents to calculate
acute criteriorusingthe species sensitivity distribution (SD) method.

Suitable tests of the acute toxicity of cadmium to estuarine/marine organisms are now
available for B species of invertebrates and 16 species of fish, or a totdlsgfezies grouped

into 79 generaThe 2001 criteria were based on data from 50 species of invertebratiég® and

species of fish for a total @0 species grouped intatgenera Table 27).

Table 27. Estuarine/Marine GMAVs Comparing Species Listed in the 2001 and016

Documents.
2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
Horseshoe crab,
169,787 - Limulus polyphemus - 169,787 New genus
135,000 | 135,000 | Ofigochaete worm, 135,000 | 135,000 -
Monopylephorus cuticulatus
Mozambique tilapia,
>80,000 i Oreochromis mossambicus i >80,000 | New genus
Scorpionfish,
62,000 - Scorpaena guttata - 62,000 New genus
Sheepshead minnow, - .
28,196 50,000 Cyprinodon variegatus 50,000 28,196 New data for existing species
Cunner,
25,900 i Tautogolabrus adspersus i 25900 | New genus
24,000 | 24,000 | Qligochaete worm, 24,000 | 24,000 :
Tubificoides gabriellae
Dog whelk,
23,200 - Nucella lapillus - 23,200 New genus
Amphipod, - .
22,887 27,992 Eohaustorius estuarius 27,992 22,887 New data for existing species
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2016 2001 2001 2016
GMAV?® | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
19,550 | 19,550 | Mummichog, 18,200 18,200 -
Fundulus heteroclitus
i i Striped k||||f|sh,_ 21.000 21,000 i
Fundulus majalis
19,170 | 19,170 | Eastermmud snail, 19,170 19,170 -
Nassarius obsoletus
Winter flounder,
14,297 14,297 | Pseudopleuronectes 14,297 14,297 -
americanus
Fiddler crab,
12,755 21,238 Uca pugilator 21,238 21,238 -
Fiddler crab, . .
- - Uca triangularis - 7,660 New species added to GMAgAlculation
Polychaete worm, - .
12,052 12,836 Neanthes arenaceodentata 12,836 12,052 New data for existing species
Shiner perch,
11,000 11,000 Cymatogaster aggregata 11,000 11,000 -
>10,200 | 10,200 | Calfornia market squid, | ;4 545 | 510,200 -
Loligo opalescens
10,114 6,895 PC."VChf"‘ete worm, 10,114 10,114 (formerly, Nereis vireny
Alitta virens
10,000 10,000 Ollgqchaete, 10,000 10,000 (formerly, Limnodriloides verrucosys
Tectidrilus verrucosus
9217 | 7079 | Striped mulet, 7,079 7,079 .
Mugil cephalus
White mullet, . .
- - Mugil curema - 12,000 New species added to GMAYV calculatio
Nematode, New genus
9,100 i Rhabditis marina i 9,100 (formerly, Pellioditis maring
Isopod,
>8,000 - Excirolana sp. - >8,000 New genus
7400 | 7400 |Sanddollar, 7,400 7,400 .
Dendrasterexcentricus
7120 | 7,120 | Wood borer, 7.120 7,120 ;
Limnoria tripunctata
6,700 | 6700 |Amphipod, 6,700 6,700 ;
Diporeia spp.
6.600 6.600 Atlantic _oyst(_er drill, 6.600 6.600 i
Urosalpinx cinerea
4,900 - Mud crab, - 4,900 New genus

Eurypanopeus depressus
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2016 2001 2001 2016

GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment
4,700 6.895 | Polvchaete, 4,700 4,700 -
Nereis grubei
4100 | 42100 | Greenshorecrab, 4,100 4,100 ;
Carcinus maenas
4058 | 2,594 |Bluecrab, 2,594 2,594 -

Callinectes sapidus

Lesser blue crab, . .
- - Callinectes similis - 6,350 New species added @®MAYV calculation

Polychaete,
3,925 i Ophryotrocha diadema i 3,925 New genus

Scud,

3,500 3,500 Marinogammarus obtusatug

3,500 3,500 -

Polychaete worm,
3,142 ) Ctenodrilus serratus ) 8142 New genus

2000 | 2900 |Amphipod, 2.900 2.900 ;
Ampelisca abdita

2600 | 2600 |COnEworm, 2600 2,600 ;
Pectinaria californiensis

2413 | 2413 | Gommon starfish, 2413 2413 ;

Asterias forbesi

Pacific sand crab,
2,110 - Emerita analoga - 2,110 New genus

i Gastropod, i New genus
2,060 Tenguella granulata 2,060 (formerly, Morula granulatg
i Tiger shrimp, i
1,720 Penaeus monodon 1,720 New genus
1,708 | 1,708 | Copepod 1,708 1,708 .
Pseudodiaptomus coronatu
1672 | 1,672 | >Oftshell clam, 1,672 1,672 .
Mya arenaria
1,510 - Amphipod, - 1,510 New genus

Rhepoxynius abronius

Brown mussel,
1,506 i Perna perna i 1,146

New genus
(formerly, Perna indicg

Green mussel,
) i Perna viridis - 1,981 New genus

Coho salmon,

1,500 1,500 Oncorhynchus kisutch 1,500 1,500 i
White shrimp, New genus
1211 i Litopenaeus setiferus i 990 (formerly, Penaeus setiferjis
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2016 2001 2001 2016
GMAV? | GMAV SMAV SMAV
(ug/L) (ug/L) Species (ug/L) (ug/L) Comment

White shrimp,
i i Litopenaeus vannamei i 1632 New genus

Daggerblade grass shrimp,

1,228 1,228 .
Palaemonetes pugio

1,983 1,983 -

i i Grass shrimp, _ 760 760 i
Palaemonetes vulgaris

Starlet sea anemone,
1,184 ) Nematostellavectensis ) 1.184 New genus

Atlantic silverside, Acute value removed after-review of
1,054 7798 Menidia menidia 7798 1,054 Cardin 1985
Amphipod, - .
1,041 929.3 Corophium insidiosum 929.3 1,041 New data for existing species
Pinfish,
1,000 ) Lagodonrhomboides ) 1,000 New genus
Green sea urchin,
862.9 948.7 | Strongylocentrotus 1,800 1,800 -
droebachiensis
Purple sea urchin,
- - Strongylocentrotus 500 413.7 New data for existing species
purpuratus
800 goo | Rivulus, 800 800 .
Rivulus marmoratus
Harpacticoid copepod, . .
794.5 794.5 Nitokra spinipes 794.5 794.5 (formerly, Nitocra spinipey
Bay scallop, i
7656 1,480 Argopecten irradians 1,480 1,480
Scallop, . .
- - Argopecten ventricosus - 396 New species added to GMAYV calculatio
Amphipod, - .
739.2 590.5 Leptocheirus plumulosus 590.5 739.2 New data for existing species
Blue mussel,
736.2 1,073 Mytilus edulis 1,073 1,073 -
Blue mussel, . .
- - Mytilus trossolus - 505.0 New species added to GMAYV calculatio
716.2 | 7162 |Amphipod, 716.2 716.2 -
Elasmopus bampo
6450 | 6450 |Longwristhermitcrab, 645.0 645.0 :
Pagurus longicarpus
630.7 1,170 Amphl_p(_)d, : . 1,170 630.7 New data for existing species
Grandidierella japonica
630 630 | Amphipod, 630 630 -

Chelura terebrans
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